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Abstract 
Mainly used for decorative purpose in the textile industry, lace is a type of lightweight, 
openwork fabric. The process of lace manufacturing is complex but much of it has been 
highly automated with the advancement of modern technology. One exception is the lace 
cutting operation which is used to cut the wide lace webs (as wide as 3.8 m) knitted from 
automatic knitting machines into individual lace breadths. Currently, lace cutting IS 
carried out by skilled operators or a low speed mechanical cutting system, leading to high 
cost and increased product lead times. Therefore the lace cutting operation has become a 
bottleneck of the whole process oflace manufacturing and its automation is highly desired. 
Based on the combination of machine vision and laser cutting technology, two automatic 
lace cutting systems have been developed in Loughborough University, which have fully 
demonstrated the feasibility of replacing the slow and expensive traditional lace cutting 
methods. However, the edge quality of the lace cut by these systems is not satisfactory 
enough to meet the requirements of demanding lace markets. 
In this thesis, based on the investigation of the effect of handling tension on lace cutting 
edge quality and the microstructure of lace, a strategic lace cutting solution has been 
presented. The cutting strategy is aimed at tensioning and exposing the loop thread by 
strategically tensioning and cutting individual threads. The loop thread is considered 
critical to cutting lace with a high quality finish. To automatically implement the cutting 
strategy, a machine vision system has been developed. 
An automatic lace transport and tensioning rig has been designed and manufactured. The 
long term aim of this rig is to be able to transport and tension lace continuously for lace 
cutting and apply localised tension on individual threads with the vision system providing 
feedback for tension control. The work in this thesis has been limited to manual 
adjustment of the rig to prove the initial ideas for this concept. 
An integrated vision guided, pulsed laser cutting system for lace cutting has been 
developed, based on which two types of representative lace have been cut. According to 
the assessment results of using a combination of user trials, microscopic and newly 
developed measurement techniques, the lace cut by this newly developed system has 
shown significant improvement in cutting edge quality, when compared to the lace cut by 
the previous laser cutting systems. 
Keywords: machine vision, lace cutting, lace edge quality, image processing, edge quality 
assessment, laser cutting. 
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1 Introduction 
Lace is a type of lightweight, openwork fabric, mainly used for decorative purpose in the 
textile industry. Lace has a history of over one thousand years, but was not popular until 
the 16th century. At that time, lace was regarded as an extravagance and was 
extraordinarily expensive because lace production by hand was slow and labour intensive. 
According to the production method, hand-made lace could be categorized into several 
types, such as needle lace, bobbin lace and braid lace [1]. In 1808, the first lace knitting 
machine was invented by John Heathcoat, which was capable of producing an exact 
imitation of real pillow-lace. Since then, lace production machinery has undergone 
dramatic development and today lace production has been highly automated using 
computer controlled knitting looms. 
From customer requirements to the final delivery of the finished lace to customers for 
further processing, the lace production process consists of several stages. The first stage 
involves discussion with clients to establish lace design which is then transferred to a 
highly specialized CAD package. Machine control codes are then generated to control the 
thousands of electromagnetic actuators to manipulate each individual thread to form lace. 
The produced lace web is usually 3 meters wide and 100 meters long, containing many 
individual patterned lace breadths which are typically 15mm to 250mm wide. The lace is 
then dyed and stentered before it is separated into individual lace breadths. The separated 
lace is then inspected, packaged and eventually dispatched to customers. The whole lace 
production process is shown in Figure 1-1. 
-custom~ 
-
Design ~ CAD ---. CAM ---. Dye -
.. Stenter f----+ Cut r----. Inspection ---. Package ---. Dispatch 
Figure 1-1 Lace production process 
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1. 1 Background 
In contrast to the highly automated and computerized lace design and knitting stage, 
which has benefited greatly from industrial technology advancement, some other stages of 
lace production, especially the lace cutting process, are far less automated and skilled 
operators are usually employed. This lack of automation in the lace cutting process is due 
to the inherent flexibility and complex structure of lace, which make it difficult to 
properly handle lace and automatically find the cutting path along which lace breadths are 
removed from the backing mesh. Therefore, lace cutting stage has become a bottleneck of 
the whole lace manufacturing process, leading to high cost and increased product lead 
times. 
In the UK where labour cost is relatively high, solving the problem of automating the lace 
cutting process has become imperative to keep the lace manufacturing industry alive. The 
competitors from overseas are putting increasing pressure on the lace manufactures in the 
UK by taking advantages of lower labour cost in their countries. To keep up with the 
competition, one possible solution is to move the entire manufacturing operation to these 
regions where overall cost can be greatly reduced by employing local people for lace 
cutting operation. But this will result in loss of jobs and revenues in the UK. 
Based on the research work carried out previously [2, 3], the research project presented in 
this thesis continues to investigate the challenges of automating the lace cutting operation 
and the associated issues. 
1.1.1 Lace terminology 
Specific lace terms are used within the lace industry. As these terms will be used 
throughout this thesis, it would be useful to specify them here to avoid any 
misunderstanding or confusion. 
Despite the wide range of different pattern designs, all types of lace have a number of 
features in common. As shown in Figure 1-2, a piece of lace is usually comprised of the 
waste mesh and the lace pattern section, with the waste mesh thinner than the lace pattern 
section. 
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Waste mesh 
Lace pattern One pattern repeat 
Figure 1-2 Lace structure 
Figure 1-3 Lace purl structure 
Figure 1-4 Lace purls and connection threads 
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The lace pattern section consists of many repeats, each of which has a similar pattern but 
is never exactly the same due to knitting tension variation along and across the lace 
breadth. The edge of the lace pattern section, along which the waste mesh should be 
removed, consists of a series of purls, as shown in Figure 1-3 and Figure 1-4. The waste 
mesh is connected to the lace pattern through connection threads, which are linked with 
the purls or knitted into the lace pattern directly. 
Originally linen, silk, gold, or silver threads, lace threads are usually made of synthetic 
fibers, such as nylon 66, nowadays [4] . Usually 100~m to 300~m in diameter, lace threads 
comprise of many small fibers, each of which has a diameter of 1 O~m to 20~m. 
1.1.2 Lace cutting operation 
There are two types of lace cutting operation, centre cutting and scalloping cutting, as 
shown in Figure 1-5. Centre cutting operation involves separating two lace breadths along 
the centre line between them and is usually carried out by hands with scissors. Scalloping 
operation is for cutting off the waste mesh along the side of the lace breadth and is the 
focus of this research project. Throughout this thesis, lace cutting refers to scalloping 
operation unless particularly stated otherwise. 
Figure 1-5 Lace cutting types 
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Currently, lace cutting operations are carried out either by employing ski lled operators to 
cut with scissors or using a low-speed mechanical system as shown in Figure 1-6. 
The mechanical cutting system consists of a cutting table, on which a guidance head and a 
rotating knife are mounted. The guidance head is positioned in such a way that only thin 
waste mesh can pass through between the guidance head and the cutting table while the 
thicker lace pattern cannot pass through. The cutting operation requires an operator to 
hold the lace against the guidance head and then the lace is cut by the rotating knife. The 
cutting process is slow, inaccurate and lacks the ability to carry out centre cutting as there 
is no thickness difference between two lace breadths. In addition, the cutting process 
requires constant operator attention and suffers from snagging and tearing. 
Lace feed direction 
Guidance head 
Rotating cutting blade 
Cutting table 
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Waste mesh 1/ 
- Pattern section 
Fe ed force 1/ 
~ 
(Side view) @ Lace feed direction 
Figure 1-6 Mechanical lace cutting system 
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1.1.2.1 Lougbhorougb CW laser cutting system 
Research focused on developing an automatic lace cutting system utilising a machine 
vision guided laser cutting system has been carried out at Loughborough University since 
1991. The developed system is able to automatically separate the lace pattern section from 
the waste mesh using a continuous wave (CW) CO2 laser [5]. The system works by 
automatically finding the cutting path and then guides the laser beam along the detected 
cutting path to cut the lace. The system is able to cut lace in real time at speeds up to I mis, 
with an accuracy of 0.5 mm, with the lace moving continuously. Figure 1-7 shows the 
major components of the system. 
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Figure 1-7 Loughborough CW laser cutting system 
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In order to reduce the data volume and hence data acquisition time to increase the system 
operation speed, a line scan camera is selected to image the moving lace. The lace is 
locally back-lit, with the necessary illumination provided by a fluorescent tube connected 
to a high frequency ballast. The electronic ballast is running with a DC supply that 
provides further mains frequency rejection. The resulting illumination is extremely 
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uniform and flicker free. Based on a DSP (Digital Signal Processor) processing unit, the 
cutting path is found by comparing each line of the captured image to a stored reference 
image, which is created by scanning one pattern repeat and defining the desired cutting 
path manually. The data of the determined cutting path is then transferred to control the 
galvanometer scanner which moves the mirror to position the laser beam to the 
appropriate point on the cutting path. The encoder is used to synchronize the lace 
movement with the camera and the laser control unit [6] . 
By using two sets of galvanometers and DSP processing units, the system can be extended 
to cut two cutting paths simultaneously at 250 mm/sec. The system speed was increased 
to 1050 mrnIsec by using a hardware correlator to enhance the image processing 
performance. 
The system was then further developed by Shelton Vision System Ltd and a production 
prototype machine was built as shown in Figure 1-8. The system was effective for centre 
cutting but the scalloped lace edge quality was not satisfactory and failed the quality test 
conducted by lace manufacturers due to the thermal damage caused by the laser beam 
"clipping" the lace pattern edge purls. 
Figure 1-8 Shelton lace cutting system prototype 
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1.1.2.2 High accuracy pulsed laser cutting system 
In order to improve the lace cut edge quality, a high accuracy lace cutting system has been 
researched and realised [2]. The lace is cut by applying a short pulse of laser energy 
directly on to individual threads which connect the lace pattern section to the waste mesh. 
The system is based on a machine vision system which is used to image the lace 
illuminated by a ring LED light source that produces a transmissive illustration method. 
The method highlights lace density difference between the lace pattern section and the 
waste mesh, which facilitates the detection of the cutting point. Figure 1-9 shows all the 
detected cutting points marked with a circle with a cross. 
Figure 1-9 Cutting point detection 
The major components of the system have been shown in Figure 1-10. The edge directed 
algorithm developed to locate the cutting point on each individual thread-purl intersection 
does not rely on any prior knowledge and therefore is able to accommodate a certain 
degree of lace distortion and local variation at the sub-millimetre level. The coordinates of 
the cutting point are transferred to the lace positioning control unit to move the lace until 
the cutting point is aligned with the laser spot within a predefined accuracy. Then a single 
pulse of laser energy is applied on the cutting point to cut off the connection thread. 
Compared to the early CW laser cutting system described previously, the lace cut by this 
pulsed laser cutting system has improved the lace cutting edge quality [7]. The 
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improvement is achieved in two ways. Firstly, without relying on prior knowledge, the 
cutting point detection algorithm is able to accommodate lace distortion and therefore 
locate the cutting point more accurately than the CW cutting system which is based on 
template matching techniques and therefore suffers from random lace geometry variation 
in the sub-millimetre range. Secondly, operating the laser in the pulsed mode to cut the 
lace threads can greatly reduce the thermal damage to the lace edge. 
However, preliminary inspection of the edge quality of the lace cut by this system has 
identified that the laser damage is still present and the cutting result is not consistent. 
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Figure 1-10 Higb accuracy pulsed laser cutting system (Bamforth, 2003) 
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1.2 Hypothesis 
The developed high accuracy pulsed laser cutting system is able to cut lace by directing a 
pulsed laser beam to the cutting point on each individual thread accurately. Compared to 
the early CW laser cutting system, the lace cut by this system has much improved edge 
quality. However, preliminary inspection of the lace edge has revealed that laser damage 
is still present and the cutting quality of individual purls is not consistent. The paper in 
Appendix 12.11 details some work on lace edge quality assessment, which identifies that 
the edge quality consistency of the pulsed cut lace is approximately twice lower than that 
of the mechanically cut lace, as indicated by the standard deviation of the results (pulsed 
cut 0.013, mechanically 0.006). 
In an attempt to further reduce the laser damage and improve the lace cutting edge quality 
consistency, it is considered to be a good starting point to first investigate the structure of 
individual purls together with their connection threads at a microscopic level. This would 
assist in a better understanding of the purl structure and identifying a way to cut lace 
strategically according to the connection structure of the lace purls. At the same time, lace 
handling method, especially handling tension, is speculated to play an important role in 
affecting the lace cutting edge quality. If the effect oflace handling tension on lace cutting 
edge quality can be proven to be beneficial, applying and controlling the handling tension 
would help to further improve the cutting edge quality. 
Therefore, based on the current pulsed laser cutting system, it is proposed that the lace cut 
edge quality can be further improved by cutting lace strategically and dynamically 
according to its structure, applying and controlling the lace handling tension during the 
lace cutting process. 
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1.3 Research scope 
The scope of this research project includes: 
• Understand the high accuracy pulsed laser cutting system and identify the cause of 
the edge quality inconsistency of the produced lace 
• Investigate the effect of the handling tension on the lace cutting edge quality 
• Investigate the structure of each individual purl on a microscopic scale and 
develop a lace cutting strategy to improve the lace cutting edge quality 
• Design and manufacture a lace handling rig 
• Develop an automated system based on machine vision techniques to cut lace with 
the developed lace cutting strategy 
• Identify the lace edge quality assessment methods to compare the lace edge quality 
cut by different cutting systems. 
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1.4 Methodology 
As described in section 1.1 and section 1.2, the major deficiencies of the previously 
developed laser cutting systems are the laser damage generated during the cutting process 
and the cutting result inconsistency. In order to successfully achieve the automation of the 
lace cutting operation so that the low-speed mechanical cutting system can be replaced. 
these deficiencies must be overcome. To achieve the objective of further improving the 
lace cutting edge quality and consistency, the project is split into several sections, 
including handling tension effect investigation, lace structure investigation, lace cutting 
automation, and lace edge quality assessment. 
1.4.1 Handling tension effect 
The effect of the lace handling tension on lace cutting edge quality has never been studied 
by any researchers so far. The lace handling tension effect can be investigated by carrying 
out a series of lace cutting experiments. For each set of experiments, the handling tension 
applied on the lace being cut is different. The lace will be cut using the current high 
accuracy pulsed laser cutting system with all system parameters the same so that the edge 
quality difference among the produced lace is only attributed to the applied handling 
tension. Then by comparing the edge quality of the produced lace, the benefit of applying 
tension on the lace during the lace cutting process is beneficial or not can be established. 
1.4.2 Lace structure investigation 
Inspecting lace structure with naked eyes is of little value. It is necessary to use a 
microscope to observe the lace structure in detail. As the pulsed laser beam is directly 
applied on the detected cutting point where a connection thread intersects with the purl. 
observing how connection threads are linked with the purl will be the focus. Investigating 
lace structure can also help to identify how handling tension changes the lace shape and 
how this consequently affects the lace cutting edge quality. Based on a full understanding 
of lace structure and the effect of lace handling tension, a lace cutting strategy will be 
researched and developed, aimed at further improving the lace cutting edge quality. 
1.4.3 Lace cutting automation 
Lace cutting automation involves developing a system to automatically cut the lace at 
high speeds (approximately 1 m/sec). The task of building such a system can be divided 
27 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter I 
into several parts. The first part is building a machine vision system which is integral to 
the whole system. Designing and manufacturing a lace handling system used to transport 
and tension lace is another important part. 
The feasibility and advantages of machine vision for lace cutting operation has been 
clearly proven and demonstrated by the two previously developed Loughborough lace 
cutting systems. Combined with a laser cutter, machine vision provides a non-contact 
method for lace cutting. This non-contact method is able to eliminate the lace distortion 
that any mechanical cutting system will cause. Based on the success of targeting each 
individual thread with high accuracy utilised in the current pulsed laser cutting system, a 
new machine vision system will be developed to automatically implement the proposed 
lace cutting strategy for lace handling tension control within the cutting zone. 
The lace handling system is intended to transport the lace and control the tension applied 
on the lace during the lace cutting process. It is speculated that the tension control will 
rely on the machine vision system for tension feedback. Designing such a lace handling 
rig requires multidisciplinary knowledge and is heavily dependent on carrying out a series 
of preliminary lace cutting experiments. 
1.4.4 Lace edge quality assessment 
Without a reliable method to assess the lace cutting edge quality, there is no way to justify 
which cutting system is better than the others. Unfortunately, no standard lace cutting 
edge quality assessment method exists in the lace industry. Qualitative edge quality 
assessment methods have been used to compare the lace cut by the CW laser cutting 
system and the high accuracy pulsed laser cutting system in [2]. This qualitative method 
involves asking a number of people to assess the edge quality and therefore is subjective. 
As the lace edge with low quality is more coarse than the one with high quality, the 
friction force between the lace edge and a suitably resistant material can be used to 
compare the edge quality. The higher the friction force, the lower the lace edge quality. 
This assessment method is quantitive and therefore more objective. 
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2 Literature Survey 
The literature survey carried out can be divided into three separate sections. As the 
fundamental basis of this research project, machine vision related literature will be 
investigated first. Then the fabric handling methods used in the textile industry and web 
handling techniques used in the web processing industry will be discussed. As a laser has 
been chosen as the cutting tool, the interaction between lasers and polymers will be 
investigated as well. 
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2. 1 Machine Vision 
Machine vision is being applied widely in various industries and its application range is 
growing rapidly. Fundamentally a machine vision system consists of an optical sensor (for 
example, a CCD camera) to capture images of the object being inspected, a light source to 
illuminate the object, and a processing platform (for example, a standard PC) to process 
the captured images using a combination of various image processing algorithms. 
2.1.1 Machine vision applications in textile industry 
Machine vision techniques are widely utilised in the textile industry, mainly for fabric 
cutting, inspection and manipulation. As early in 1985, Ameziane et al. [8] reported on a 
machine vision system for fabric cutting. A solid state camera working at video rates was 
used to capture the images which were then digitised and stored in an Intel 8085 computer. 
Each pixel value was stored in 8 bits and therefore 256 levels of grey were available. Four 
commercially available spot lights were used for illumination and histogram equalisation 
was performed prior to any further processing. The motif pixels were separated from 
those in background by a global grey level threshold. By taking advantage of the spatial 
periodicity of the placement rule of motifs on printed fabrics, the system could determine 
the trajectory of the cutting tool without any priori knowledge of the shape or size of the 
motifs. No effort was reported to optimize the processing time, but the encouraging 
results demonstrated the efficiency and feasibility of the approach. 
Amin-Nejad et al. [9] described a position-based visual servomg system for edge 
trimming of fabric embroideries by a laser beam. The prototype workspace was a 1 mx 1 m 
gantry table and the laser was mounted on the Z-axis of a four-axis Cartesian robot. 
Because the embroideries were made on standard fabrics which were normally opaque, 
the backlighting technique, often used for the illumination of translucent material, was not 
suitable for this project. A lOmW laser diode projecting a laser stripe onto the embroidery 
at a right angle to the seam was used as the illumination method. With this structured 
illumination, the seam position could be determined by analysing the distorted laser stripe 
corresponding to the seam edges. The image frame coordinates of the seam points were 
then passed to the control program for controlling the robot. The implemented image 
processing algorithm took about 4 ms to extract data from the captured image and the 
overall cutting speed was 50 mmls with accuracy of +/- O.5mm, which was faster than the 
30 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 2 
manual operation speed estimated to be 20 mm/s. The laser used for cutting is a 20W 
carbon dioxide laser, whose output power was controlled by pulse width modulation 
(PWM) through a PC. However, there was no report about the resulting cutting quality of 
the fabrics. Although the system performs well for cutting the fabric embroideries, it is 
considered not suitable for lace cutting operations. The thickness difference between the 
lace edge and the waste mesh is not so distinct as the difference between the embroideries 
and the base fabric which is about Imm to 3mm. Furthermore, the lace edge is connected 
to the waste mesh by many single threads and therefore many holes are existing between 
the lace edge and the mesh, which are normally absent in embroideries fabrics. Based on 
these reasons, it is speculated that the illumination method combined with the image 
processing algorithm used for the embroideries trimming will be impossible to detect the 
cutting point for lace cutting operations. Also, maintaining the laser stripe normal to the 
seam for edge detection takes time, which can be completely avoided in lace cutting by 
employing other illumination methods. However, the illumination method is effective for 
detecting edges of normal fabrics, which is demonstrated in [10] where the edges of 
overlapping shoe components needed to be inspected prior to the sewing operation. A 
laser line was projected on the surface and then viewed by an area camera. A 
discontinuity in the observed laser line was caused by the surface height. Different 
approaches for extracting the edge positions in the image coordinate system had been 
investigated based on the Hough transform, spatial histogram, polynomial regression and 
the discrete first derivative. These edge detection algorithms were compared in terms of 
speed and precision performance and results showed that Hough transform provided the 
most reliable method for edge point extraction, although it was computationally expensive 
in terms of processing time. 
Machine vision applications can also be found in automating fabric inspection processes. 
Manual inspection of fabrics is limited by ensuing fatigue and inattentiveness. It is 
reported that the most highly trained inspectors can only detect about 70% of the defects 
[11] and are not able to deal with fabric wider than 2 meters and moving faster than 30 
m/min [12]. A real-time fabric inspection system based on a machine vision system is 
described in [12]. A line scan camera with 2048 elements was used for capturing fabric 
images and an air-cooled fluorescent tube provides 2200-6460 Lux intensity and operates 
at 40-50 KHz in order to avoid flickers. The inspection algorithm was composed of two 
algorithmic modules, the defect detection and feature extraction module and the defect 
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classification module based on neural network. The developed system had a high 
detection rate with a good localization accuracy and a low rate of false alarms. It was also 
compatible with standard inspection tools and inexpensive. A neural network based local 
textile defect detection system is reported in [13]. The defects were segmented based on 
the gray-level arrangement of their neighbouring pixels. According to the experimental 
results, this approach can obtain a high degree of robustness for the detection of a variety 
of fabric defects. 
A vision-based fabric inspection system is also reported in [14] in which optimal 2-D 
Gabor filters were designed and applied to distinguish defective texture pixels from non-
defective texture pixels. A pixel of potentially flawed texture was classified as defective 
or non-defective based on the Gabor filter response at that pixel. Using Gabor filters for 
detecting defects in textile fabrics is also described in [15]. Another inspection system 
based on a global image restoration scheme using the Fourier transform is reported in [16]. 
The line patterns of any directional textures in the spatial domain image were removed by 
detecting the high-energy frequency components in the Fourier domain image using a 
one-dimensional Hough transform, setting them to zero, and finally back-transforming to 
a spatial domain image. In the restored image, the homogeneous line region in the original 
image had an approximately uniform grey level, whereas the defective region was 
distinctly preserved. These three examples have demonstrated their time effectiveness by 
eliminating the need of template image comparison. The template matching method is 
applied in [17] where defects were detected based on their two fundamental structural 
properties, regularity and local orientation. 
Other applications of machine vision 111 textile industry include vision-based yam 
inspection to assess diameter variation, hairiness and twist characteristics of yams used 
for the production of woven fabrics [18-20], cotton contaminants recognition via X-ray 
images [21], shirt collar inspection [22] and leather surface inspection [23]. 
2.1.2 Machine vision for lace inspection 
Automatic lace inspection based on a machine vision system is a challenging task because 
lace fabrics can easily deform, and usually have complex patterns, making it very difficult 
to use any global image processing techniques. Research on automating lace inspection 
using machine vision dates back at least as far as 1988 when Norton-Wayne [24] started 
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working on a lace inspection project. The early work involved experiments performed in 
the laboratory using isolated samples of lace. It was found that the method of comparing 
the binarised image of the lace with itself shifted by one repeat of the pattern horizontally 
or vertically could be used to detect the defects in the lace, which fonned the basis for the 
work of San by and Norton-Wayne presented in [25, 26]. A line scan camera synchronized 
with the motion of the knitting machine was used to capture lace images whilst the lace 
was still on the knitting machine, which could eliminate the distortion problem, although 
not completely. The false alarms caused by the ghost images following subtraction of 
successive repeats of the lace pattern were reduced by employing a neural network. 
However, this system did not take into account the defects caused during processes further 
down the production line, which means that further inspection is required for the finished 
lace. 
Yazdi and King [27] later worked on automating the final inspection stage of lace 
manufacturing in which direct comparison between a reference image and an acquired 
image was performed. But the' ghost' or 'residue' image after direct subtraction of these 
two images, which was caused by the distortion due to the inherent flexibility of lace, 
made the inspection task nearly impossible. A mechatronic approach capable of coping 
with unpredictable distortions and 'adapting' itself to small deformations was proposed 
and implemented, which greatly reduced the resulting noise and consequently the false 
alarms. Morphological filters were shown to be a powerful tool for 'cleaning-up' 
processes in the experiments. However, the system speed was slow-an inspection rate of 
only 30 mmls was reported. 
Lace inspection research based on direct comparison of the lace image being produced 
and a reference image is also conducted in Leeds University [28-30]. The inspection 
algorithm comprised of two distinct stages: the initialization stage, and the tracking and 
inspection stage. The initialization stage involved loading a perfect prototype image 
containing a single pattern repeat and synchronisation of the lace being inspected and the 
reference image. In the second stage, a cross-correlation technique was used to align the 
current lace image with the reference image by adjusting the current image to correct any 
lateral, longitudinal or skew distortions, and then a binary subtraction was carried out. 
This was followed by a morphological erosion filter to remove any residual noise and 
detect actual defects. Although the speed of the system is only 44 mmls, it can be easily 
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improved by employing modem hardware. The developed system performs very weI I and 
is probably the most advanced vision-based lace inspection system so far. 
2.1.3 Machine vision for lace cutting 
The lace fabric manufacturing industry has benefited from advanced manufacturing 
technology in that high technology CAD/CAM knitting systems exist. However, the rest 
of the manufacturing processes such as cutting and material handling are still undertaken 
by human operators or conventional mechanical systems. In particular, the lace scalloping 
process operating on the mechanical machine is slow and fairly inaccurate requiring 
constant operator attention, and therefore has become the bottleneck for the whole lace 
production process, leading to increased product lead time [31]. 
As conventional lace cutting methods, which usually employ a mechanical cutting system 
or human operators, are slow and fairly inaccurate, automating lace cutting processes with 
modem technology has become the research focus in recent years. Applying machine 
vision in automating lace cutting operation has appeared to be a successful solution. 
Significant effort has been made to apply machine vision technology in automating lace 
cutting, trying to improve the cutting speed at a reasonable cost. 
Russell and Wong described a lace cutting system in [32, 33]. The camera used was a 
modified DRAM chip which was interfaced to a single chip microcomputer and then to a 
personal computer. A special purpose template matching correlator was produced to 
execute an area match between a reference image and a current lace image to determine 
the cutting path. The matching was implemented by subtracting a slice of the input image 
from an equivalent slice on the reference image. By moving the input image over the 
entire reference map, the cutting position was determined by assessing the difference 
between the reference image and the input image at each point. This template matching 
technique, while capable of detecting the cutting path, suffers from the lace distortion 
problem, which is usually present during lace cutting processes. Therefore, the system 
reliability and performance are degraded. 
As lace is flexible and easily distorts, the lace scalloping system needs to be able to 
tolerate some distortion to achieve a sufficient degree of automation. As the patterns and 
sizes of different lace samples are never the same, a cutting system which is able to cut 
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lace without prior knowledge of the lace pattern is desired. Such kind of lace cutting 
system, capable of detecting the cutting path without any prior knowledge, was developed 
in Nottingham Trent University by Shih, Sherkat and Thomas [34-36]. A fuzzy reasoning 
rule-based technique was applied to find the cutting path in the first frame. The cutting 
paths in the second and subsequent frames were determined by employing a novel 
approach named Line Mapping Method (LMM), which greatly increased the system speed. 
Depending on the complexity of the lace pattern, the time taken to find the cutting path in 
the first frame varied. Time taken for most kinds of lace motif was about 300 ms based on 
an Intel 80486 processor running at 66 MHz. However, up to 1.5 seconds was required for 
few very intricate lace patterns. By using the LLM method, typically the speed of tracking 
the lace pattern was around 25 to 35 meters per minute. Compared with the method used 
by Russell and Wong in [32, 33], this system has several advantages. The first one is that 
it is faster in that it can track the lace pattern with the speed of O.4m/s based on a 486 
computer, which can be further improved with modem powerful machines. The second 
advantage is that it does not need any prior knowledge of the lace pattern and therefore is 
able to cope with distortions more effectively. Unfortunately, no details are reported about 
the actual cutting operation and significant efforts have been made for the modelling of 
tactile cutting system, which can be easily replaced by a laser cutting system. 
Ayub and Jackson [37] employed 2D pattern recognition techniques to detect the cutting 
path of lace. Initially, a master image template and required cutting path profile were 
stored in the cutting shape libraries. As lace is inherently flexible, it could be easily 
distorted by transport forces. Before the template matching was executed, a few distinct 
features on the lace were extracted for calibrating the master template. The master 
template were then calibrated according to elongation, translation, rotation and skew 
angle of the lace under cut. After the calibration procedures, the cutting path was 
extracted by searching patterns similar to the master template on the cutting area of the 
lace being cut. Although this method is trying to accommodate lace distortion by actively 
calibrating master template, it cannot accommodate excessive wrinkles of lace. 
Several commercial organisations also made good progress in developing machine vision 
systems for lace scalloping. Optotex [38] developed a series of Opto-Cutter systems 
which were capable of scalloping lace and similar material. Either mechanical cutter 
(Opto-cutter 2001), or C02 laser (Opto-cutter 2002-4 and Laser-cutter 1009) is available 
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for cutting and the cutter is positioned using an x-y gantry type system. The cutting path is 
determined by utilising an edge following technique with a CCD line camera. The fastest 
system is the Laser-cutter 1009 system which is capable of cutting lace with a speed up to 
57m/min. Also, these systems are capable of cutting the textile with all colours from black 
to white. Some parameters of these cutting systems are listed in Table 2-1. 
Laser-Cutter 1009 Opto-cutter 2004 Opto-cutter 2003 Opto-cutter 2002 
Max cutting 
N/A 
Up to 
57 m/minute Up to 12 m/minute 
speed 12 m/minute 
Transportation Automatic pull in From roll to 
From roll to roll From roll to roll 
method of fabric stack 
C02 industrial C02 industrial C02 industrial C02 industrial 
Cutting method 
laser, 100 Watt laser, 100 Watt laser, I 00 Watt laser, 100 Watt 
Table 2-1 Parameters of Optotex cutting systems 
Similar to the Opto-Cutter systems, another patented lace cutting system developed by 
Morrison technology [39] is also employing an edge following technique, eliminating the 
need for a predefined cutting path and therefore allowing for some degree of distortions. 
However, little detail about the algorithms and system speed has been reported. 
Since 1991, extensive research in lace cutting area has been started in Loughborough 
University and a huge success has been achieved [5, 6]. A line scan camera rather than an 
area scan camera was selected because the line scan camera had the benefit of reducing 
data volume and hence data acquisition time, and provided the possibility of operating at 
higher data rates. The lace was locally back-lit, with the necessary illumination provided 
by a fluorescent tube connected to a high-frequency ballast. The electronic ballast was 
running with a DC supply that provided further mains frequency rejection. The resulting 
illumination was extremely uniform and flicker free. Three DSP processors were utilised 
with first one functioning as a supervisory processor to get the image infornlation from 
the camera. The other two processors were used to track the two cutting paths on the lace. 
A specially developed weighted cross correlation algorithm [3] was utilised for tracking 
the paths based on a reference map which was created by scanning one pattern repeat and 
defining the desired cutting path manually. The C02 laser used in the prototype machine 
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was a 250 W continuous wave (CW) unit. The laser beam was delivered through a 
focusing lens onto a lightweight front-silvered mirror mounted on a galvanometer 
controlled by the two tracking DSP processors. A beam-splitter and a second set of optical 
components allowed two cuts to be made simultaneously. 
The advantages of this system are that it can be used to track and cut two scalloping paths 
simultaneously in real-time and the cutting speed can reach up to 1 m/sec, which is much 
faster than any other lace cutting system currently available. Also, it is able to cope with 
significant amounts of distortions as high as 15% within the lace pattern, which wi 11 cause 
a cutting path detection failure in other systems using normal cross-correlation algorithms. 
However, as for some demanding lace markets where lace with a high level of edge 
quality is required, the resulting edge quality of the lace produced by the cutting system is 
not satisfactory. 
Bamforth [2] developed another lace cutting system in Loughborough University. A Sony 
SSC-M370CE area scan camera and a Coreco Viper Quad frame grabber were used to 
capture the images of the lace. Instead of a fluorescent tube, a ring of LED lights were 
used for illumination, called the Transmissive Dark-Field Lighting (TDFL) method. 
Results showed that this illumination method greatly facilitated the detection of the 
cutting path of the lace because it highlighted the difference between the lace pattern and 
the waste mesh [40]. After the image processing system had detected the lace edge, the 
connecting points between purls and every single connecting thread could be determined. 
The lace was positioned by a x-y movable table driven by two stepper motors and a servo 
motor. After the current cutting point had been positioned accurately enough related to the 
laser spot, a pulsed laser beam was fired and the thread could be cut. The process was 
then repeated for each cutting point until the lace cutting process was completed. The lace 
edge quality obtained from this lace cutting system is much better than the one produced 
by the previous system in terms ofthe Heat Affected Zone (HAZ). 
This pulsed laser cutting system is more accurate than the previous one in that the average 
targeting error is 0.073mm at the resolution of 30 pixels/mm. Moreover, this system is 
able to adapt to lace distortions because it is not based on any reference map. The reported 
0.5 mm average cutting errors of the previous CW laser cutting system will not happen in 
this system. This novel targeting algorithm combined with the pulsed laser cutting method 
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ensures that better cutting edge quality can be achieved. However, duc to thc speed 
limitation of the x-y movable stage, the lace being cut needs to be stationary when the 
laser energy is applied. 
2.1.4 Other applications of machine vision 
Besides the textile industry, machine vision has found various applications in other fields. 
In this section, the applications of machine vision in food industry, robot guidance, 
agriculture, tool condition monitor, navigation system and face detection will be 
summarised. 
J ia et al. [41] reported on a machine vision system built for automatic fish cutting. A 
Canny edge detector was used to extract the fish edge. Then a labelling and tracking 
algorithm based on recursive procedure was developed for locating, tracking and thinning 
the fish boundary. A two-stage, model-based segmentation algorithm together with the 
morphological knowledge of fish was proposed to locate each part of the fish, from which 
the cutting lines could be determined. The Canny edge detection required an average time 
of 7.8 seconds and all other algorithms required an average time of only 0.37 seconds. 
The speed could be improved for real time catfish processing by implementing the 
algorithms with special hardware. The problem of this method was that the accuracy of 
head cutting lines and tail cutting line determination was sensitive to whether the fish was 
significantly curved or not. 
Machine vision has also been used increasingly in the food industry for inspection and 
evaluation purposes as it provides suitably rapid, economic, consistent and objective 
assessment when compared with the human graders and inspectors. Li et al. [42] reported 
on a machine vision system capable of grading apples according to the defect area. An 
automatic strawberry sorting system was developed by Bato et al. [43]. Average shape 
and size accuracies of 98% and 100%, respectively, were obtained regardless of the fruit 
orientation angle with judgment time within 1.8 seconds. Pear bruising detection using a 
machine vision system was studied by Zhang and Deng [44] in which the different 
bruised areas can be precisely detected with most relative errors controlled to within 10%. 
Sun [45] reported on inspecting pizza quality by extracting the topping exposure 
percentage with an accuracy up to 90%. Evaluation of pork quality has also been 
investigated [46]. The findings indicate that for 93% of the 44 pork loin samples, 
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prediction error was lower than 0.6 in neural network modeling, hence it is recommended 
as an effective tool for evaluating fresh pork color. A color machine vision system 
together with neural network was developed by Patel et al. [47] to inspect the poultry 
eggs. 
Vision is a useful robotic sensor that allows the robot for the non-contact measurement of 
the surrounding environment. Many machine vision based robots can be found in factories 
for manufacturing, assembling, handling and inspection. Pauli et al. [48] reported on a 
vision-based integrated robot system for object inspection and handling. The robot system 
was composed of a robot manipulator and a robot head including two monochrome 
cameras. After calibration, the robot carried an object into the field of view of one camera, 
then approached the object along the optical axis to the camera, rotated the objects for 
reaching an optimal view, and finally the object shape was inspected in detail. Finally, the 
system localized a board containing holes of different shapes, determined the hole which 
fit most appropriately to the object shape, then approached and arranged the object 
appropriately. However, the speed problem prevents the system from being used for real 
time processing. In the current implementation, one servoing cycle for arranging the 
cylindrical peg requires about 0.5 seconds and it will become longer for more complex 
objects. 
One of the innovative applications of VISIon 111 the automotive industry is at 
DaimlerChrysler's assembly plant, where a vision system is used to guide a robot for 
handling large stamped body panels [49]. Eight Cognex In-Sight 1000C vision sensors are 
used to check the location, orientation and spacing of the 6.5 feet or 8 feet long stampings 
in its racking to assess whether the robot can access them and, if so, how. Six of the vision 
sensors guide the robot pickup operation, and other two guide the placement operation. 
The robot is tested in the real manufacturing environment and performed well. In addition 
to the manpower savings, this vision-guided robot also eliminates the need for the 
expensive, precision racking. Unfortunately, the speed of the robot is not available. 
Another vision-guided assembly robot used in automotive company is reported by Bone 
and Capson [50]. The cycle time for the assembly sequence was 3 min based on these 
experiments, and the accuracy of the completed assembly was +1-2mm. A rehabilitation 
robot used to assist physically handicapped or weak persons is reported by Song et al. 
[51]. A robot arm equipped with vision and force sensors is mounted on a wheelchair to 
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help users with some tasks which are usually difficult for users to complete independently. 
The system has been tested with four tasks including picking up a cup from the table, 
picking up a pen from the floor, operating a switch on a wall and moving an object to the 
user's face. The results show that the robot system is able to finish these tasks 
successfully. However, the speed problem needs to be solved before it can be 
commercialised. 
The applications of VISIon systems In agriculture have been widely reported. An 
agricultural cultivator based on a machine vision system was reported by Slaughter et al. 
[52]. The results of a series of experiments showed that the precision of the system was 
comparable to that of an average manually guided cultivator. Under low weed loads the 
performance of the system was comparable to a very good cultivator operator, but with 
twice the travel speed. With this system, the cultivation results can be improved by using 
less skilled operators and the increased speed may allow larger farms to reduce costs by 
reducing the number of cultivators operating at the same time. However, the vibration and 
dust issues and the development of cultivation tools specifically designed for the high 
speed operation need to be solved for future improvement. 
A vision sensor is considered to be the best one among various sensors providing outdoor 
environment information to control a harvesting robot [53]. However, serious problems 
arise when implementing an image processing system able to control a real harvesting 
robot, among which the greatest difficulty is from extreme variation in the lighting [54]. 
This problem is addressed by Plebe and Grasso [55] through a complex sequence of 
processing steps, which are aimed at providing a full localization of fruits in the scene for 
determining the robot motion. Edan et al. described a robotic melon harvester which is 
able to harvest fruit while advancing along the row in [56]. 
Machine vision is also applied for crop quality inspection and classification. Pablo et al. 
[57] developed a classification system capable of identifying the species of weed seed. 
The classification system works well for the number of species considered in this study, 
but further improvement is required for commercial usage where several hundreds of 
species need to be considered. 
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Machine VISIOn based tool wear monitoring method IS one of the direct tool wear 
estimation methods. It evaluates the tool condition by capturing the images of the tool 
surface, from which the information of tool condition can be extracted. Sortino [58] 
presented an innovative methodology and a system for wear measurement. A statistical 
filter was proposed to detect the edges of the image, which were then high-passed and 
worn area could be calculated. The results showed that the system was reliable, only 
failing to calculate the flank wear land of 8% of the cases due to some disturbance on the 
cutting edge. Kassim et ai. [59] developed a system to estimate the tool condition using 
the workpiece surface texture analysis. The built system cannot be used for real-time 
monitoring because of the speed problem and the biggest drawback is that it can only 
distinguish between a sharp tool and a dull tool. Li et al. [60] reported a machine vision 
based tool monitoring system in which the state of the wear of the turning tool was 
determined from the captured images obtained by laser scattering from the machined 
surfaces of the workpiece. A neural network embedded with fuzzy classifiers was used to 
classify the state of the tool wear as 'negligible wear', 'some wcar', 'more wear' and 
'significant wear'. This 'laser scattering images' technique was also adopted by Li, Wong 
and Nee in [61] where the state of the tool wear was estimated by comparing the patters 
extracted from the subsequent laser scattering images with the initial reference image. The 
experiment results showed that these two systems employing 'laser scattering images' 
technique were not susceptible to the ambient light and the background noise. They can 
be used to monitor the tool condition and estimate the tool replacement time. 
Bahr et ai. [62] described a multi-sensory tool monitoring system using machine vision 
and vibration sensors. The system is unique in that it combines an indirect tool monitoring 
technique, vibration monitoring, with a direct visual monitoring system, machine vision. 
This combination overcomes the disadvantages inherent in either single tool monitoring 
procedure. The system can be further developed to identify all types of wear in inserts and 
predict the remaining life of the tool given the image of the tool. 
Machine vision based navigation systems for autonomous aircrafts or unmanned vehicles 
were reported by Furst and Dickmanns [63], Oussalah et al. [64] and Sotelo et al. [65]. 
The application of vision based systems for automatic guidance is a very challenging task. 
The challenge arises from both the methodologies to handle the multiple problems caused 
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by the structure of the vision system, and the computational requirement due to the huge 
information supported by the vision systems compared to other sensors like range finder. 
Machine vision based face detection methods can be classified into two main categories: 
methods based on facial features or face models, and methods based on face 
representations learned from a large number of examples using statistical approaches or 
neural networks. In general, methods in the second category are more practical since they 
are less time consuming and do not rely on special features or models [66]. The 
applications utilising these methods were reported by Liang et al. [67], Wang et al. [68] 
and Huang and Tan [69]. 
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2.2 Handling Systems in Textile Industry 
Due to its inherent flexibility, lace is difficult to be handled properly for cutting. In most 
lace cutting research, the lace handling problem is usually underestimated, which can be 
reflected by the fact that very little literature can be found in this research area. However, 
a proper handling method is very critical not only for effective cutting but also for the 
resulting cutting quality. The fundamental difference between the automation technology 
for the textile industry and the conventional manufacturing automation equipment is the 
need to accommodate the unpredictable, non-linear and complex mechanical behaviour of 
limp fabric. Lace poses further difficulties, due to non-linear strain-dependent moduli of 
elasticity. Extensive research regarding the automatic material handling has been carried 
out in the garment manufacturing industry, which will be reported first in this section. In 
addition, web handling techniques used in the web processing industry will also be 
included. 
2.2.1 Fabric handling in garment manufacturing industry 
The fabric handling operations in clothing industry can be divided into the following tasks: 
separation, grasping, translation, placing, positioning, feeding and sewing. Before being 
sewed by a sewing machine, fabrics need to be manipulated in a way that they are free of 
wrinkles and sometimes some controlled tension is desirable. 
Gershon and Porat [70, 71] described a robotic sewing system which was able to maintain 
a constant cloth tension and produce a constant seam width. The end-effector of the 
system had two spring-loaded, rubber-tipped fingers, and the distance between the fingers 
could be varied under program control. Two ends of the cloth were held by sewing needle 
and robot fingers respectively. During the sewing operation, the tension control system 
moved the robot forwards with the cloth to maintain a small tension. The tension control 
system was based on the sewing machine shaft encoder signal and the cloth tension 
measured by an instrumented finger. The system was unsuitable for fabrics with high 
extensibility due to the performance limitation of the tension control system. 
A new approach for automated handling of flexible fabrics in the sewing process is 
described by Koustoumpardis and Aspragathos in [72], which focuses on controlling the 
cloth tension applied by a robot. During the sewing process, the sewing seam quality is 
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extremely sensitive to cloth tension variations appeared in the sewing process, which 
means that obtaining a high quality seam necessitates controlling the tension within a 
predefined range. 
As shown in Figure 2-1, during the sewing process, an automated sewing station pulls the 
right edge of the fabric with the machine velocity, while the robot end-effector follows the 
left edge of the fabric with the robot velocity to apply the recommended tensional force to 
the fabric. By adjusting the velocity of the robot, the appl ied tension can vary, which can 
be sensed by the sensor mounted on the end-effector of the robot, providing tension 
feedback for the robot controller. The required optimal tensional force depends on the 
fabric properties and sewing directions. The optimal tension force determined from the 
Fuzzy Logic mechanism is inputted into a feed-forward neural network (1-5-1) controller 
to regulate the robot end-effector velocity in order to achieve the desired tension with a 
closed loop control mechanism. The system has quick response in that the desired tension 
force can be achieved and maintained after 144 ms of training time. 
Robot velocity 
• 
Tensional 
force 
Fabric cloth TheoreticaJ fixed point 
of the sewing needle 
__ •• Sewing machine 
velocity 
Figure 2-1 Velocities and forces applied to the fabric along the sewing direction (after 1721) 
A robotic system employing two robots was used to manipulate limp fabrics for 
automated sewing [73]. During a sewing process, the robots pressed the fabric against the 
sewing table and, by a coordinated motion of both hands, a desired motion of the fabric as 
a rigid panel was performed. A force sensor was mounted at the wrist of each robot to 
execute pressing force control and the tension control. A CCD camera was mounted on 
the sewing machine to monitor the sewing task execution to allow for compensation of 
the sewing trajectory tracking error caused by the fabric distortion and slippage. 
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Experimental results had shown that the sewmg speed could reach 30mm/s along a 
straight line. The trajectory tracking error was within ± 0.5mm when sewing along a 
curved path, but the error became too large if the radius of the sewing trajectory was less 
than 80 mm. 
An adaptive control loop was designed in [74] to apply proper tension to eliminate the 
wrinkles of fabrics, with cloth stiffness as the adaptive variable. The system design was 
constructed and tested with a PUMA 560 robot with force sensors mounted on its wrist. 
Two microcontrollers were used, with the first one calculating the cloth stiffness and the 
position of the end effector. The second microprocessor was used for communication with 
the robot and the sensors. Using infrared sensors to help align a fabric sample with the test 
bed was reported in [75] where the fabric sample had a simple square geometry. 
Fahantidis et al. [76] and Paraschidis et al. [77] present a robotic system incorporating 
vision and force/torque sensing for handling flat textile materials. The robot was equipped 
with a special gripper with two distant fingers for handling fabrics. The force/torque 
sensor was used to detect the contact of the fingers with the surface of the table, 
maintaining a desired finger pressure against the table, and to restrict the force applied 
during the sweeping motion. The vision system consisting of two cameras and a frame 
grabber was used for identification of the material position (edge) on the table and 
possible deformations (wrinkles and folds), and tracking of the material during handling 
operations. 
Methods pertaining to the vision-guided robotics control of fabric motion for performing 
simulated joining operations for apparel manufacturing have been described in [78]. A 
machine vision system was used to determine the sewing path by capturing images of the 
fabrics. The end-effector of the robot consisted of six independently controlled pneumatic 
actuators that could alter the position of four circular acquisition points to accommodate 
fabrics of different shapes. Experiment results showed that the error deviations averaged 
3-5mm when the sewing speed was 1 em/sec. 
2.2.2 Web handling techniques 
The fabric handling techniques investigated so far are successfully utilised in the garment 
sewing industry for fabric transportation, fabric tension control etc. However, it is 
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difficult to directly apply them in lace cutting systems because lace and normal fabrics 
used in sewing industry have different shapes and are treated in different ways, although 
they have similar physical properties. Lace can be classified as web shape material where 
the term web refers to any flexible material which is very long compared to its width and 
very wide compared to its thickness. In addition, although the shapes of the fabrics 
processed in sewing industry are various for different applications, no web-like fabric has 
been found so far. Some literature related to the web handling techniques has been 
identified and reported as follows. 
Extensive research shows that the predominant method of transporting a web is using a 
roller system [79], as shown in Figure 2-2. The main advantage of such a system is that 
the storage of the material at the beginning and end of the process is comparatively 
compact compared to an arrangement where the orientation of the flexible is uncontrolled 
[80]. In a web or film, there are only likely to be two kinds of tension: lateral tension and 
longitudinal tension. With a roller system, accurate regulation of the longitudinal tension 
can be achieved with a closed loop control. 
Wind roller Unwind roller 
Driven roller I Stationary roller 
Web material 
Figure 2-2 A simple roller system 
With the need for increased performance, productivity, and quality of the processed web, 
it is important to maintain the web tension within the desired limits under a wide range of 
dynamic conditions such as speed changes, variations in roll sizes, and web properties 
[81]. Three kinds of tension control methods are widely used in web processing industry 
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[82]. One is the feedback control scheme based on the direct detection of tension with 
load cells. Another simple approach is the indirect calculation of required motor torque 
from the tension reference and radius. The third one uses the dancer roller as a 
measurement device and/or as a self-regulating device. Typically, load cell systems 
respond faster than dancer systems, but due to the lack of accumulation ability, they are 
not recommended for start-stop or unwinding operations [83]. 
The web tension can be controlled by using a dancer mechanism. A dancer roller is 
arranged in such a way that the roller can move in a direction perpendicular to the axis of 
rotation. This movement is then controlled by either an open loop spring damper system 
or by a closed loop motor and lead screw assembly. An example of an open loop dancer 
system is shown in Figure 2-3. If the longitudinal tension in this system is too small, thcn 
the spring contracts, increasing tension to the web. If the tension is too great, the dancer is 
pulled upwards against the spring, correcting the tension. 
Driven roller 
--. 
Driven rollcr 
--. 
Dancer subsystem 
Figure 2-3 An open loop dancer system 
A study on the dynamic behaviour of dancers in web transport system was reported in 
[84]. Computer simulation studies were conducted on an example system to investigate 
disturbance rejection for three cases: (1) without a dancer; (2) with a classical dancer with 
passive elements; (3) with an inertia compensated dancer. Based on the simulation results, 
it was concluded that better attenuation of tension disturbance in a web line could be 
achieved with a dancer as opposed to a web line without a dancer. 
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An active dancer system used for periodic tension disturbance attenuation has been 
developed by Pagilla et al. [85]. Lots of efforts have gone into the mathematical model 
development for the dancer system. An open-architecture experimental web platfoml has 
been developed, which mainly consists of an endless web line with a number of rollers, an 
active dancer system, and web guides for maintaining lateral position. The term endless 
web line refers to a web line without unwind and rewind rolls, which can mimic most of 
the features of a process section of a web processing line. Data collected from an 
extensive set of real time experiments validate the usefulness of the active dancer in 
attenuation of periodic web tension disturbance in a web process line. However, the 
limitation of the research is that it is based on the assumption that there is no slip of the 
web on the dancer roller, which may not be the case at high web speeds and large 
amplitude periodic tension disturbances. Furthennore, due to the large inertia of the 
dancer system, high frequency disturbances or vibration can lead to material failure. 
The method of regulating the web tension by controlling the torque applied to the supply 
and the take-up reels has been reported by Mathur and Messner [86] in which a high-
speed and low-tension tape transport system for ultra-thin media was considered. To 
reduce wear on the tape, the direct-drive transport (DDT) was utilised where two 
independently driven reels were used to control the velocity and tension of the tape. Each 
reel was driven by one motor and the tension was sensed by two strain gauges located on 
guides posts that were in the path of the tape. 
In various web processes, there are many kinds of disturbance, among which the major 
one is the periodical disturbance due to roller eccentricity. A method used to reject tension 
disturbance due to the roller eccentricity has been studied by Wolfermann [87]. The 
eccentricity of a specific roller was estimated by using the tension signal in the web span 
based on the assumption that there was eccentricity in one specific roller, which, however, 
becomes a limitation when this method is applied to an actual plant that has eccentricities 
in many rollers simultaneously. Furthermore, the tension signal loses the infonnation of 
roller shape more and more as the operation speed of the plant increases. Reid et al. [88] 
evaluated the perfonnance of a fix-gain and a variable-gain PID controllers, which were 
used to control the longitudinal tension in the winding section of a simple web transport 
system. The advantage of a variable-gain PID controller over a fix-gain PID controller 
was that it compensated for time-varying parameters. The variable-gain PID controller is 
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easy to implement, but can be easily degraded by measurement noise. An adaptive fuzzy 
controller which automatically tunes its parameters in real-time was designed to regulate 
tension variations in mUlti-spans due to an eccentric unwinding roll [89]. Experiment 
results has shown that the adaptive fuzzy controller outperforms the conventional PID 
controller as the frequency of the eccentricity disturbance increases. Shin et af. [90] 
proposed a new method to overcome the restriction by estimating the eccentricity based 
on the angular velocity and tangential velocity of each roller. An adaptive estimator was 
used for the estimation of the position-dependent roller radius. Considering the 
relationship between the roller radius and the tension difference due to the tangential 
velocity oscillation, a torque compensator was proposed to eliminate the tension 
disturbance at each point of contact between the roller and the web. 
From the experimental results, it is noted that the tension variation could be reduced by 
about 50% by decreasing the oscillation of roller velocity when the proposed 
compensation method is used. As the proposed estimator utilizes the tangential velocity 
and angular velocity instead of the tension signal, effective compensation can be achieved 
even though adjacent rollers have eccentricity. 
Two different controllers used to control an industrial web process have been designed by 
Liu and Davison [91]. The "tuning regulator controller" based on steady-state 
experimental measurements of the web system is easier to implement because no 
mathematical model is required. However, its performance is marginally worse than the 
"perfect robust servomechanism controller" which is based on an analytical model of the 
web system in conjunction with the measurement of certain parameters. 
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2.3 Laser Cutting for Fabrics 
Since their invention, lasers have been widely used in industry for diverse applications, 
such as cutting, welding, printing, recording and their application range expends rapidly 
[92]. Due to its good cutting quality with high productivity and flexibility, a laser has 
been used for cutting various materials in one of the three modes: vaporization, melting 
and photochemical ablation [93]. 
Not only can it be used for cutting steel, wood etc., a laser system can also be used for 
cutting fabrics. A laser has obvious advantages over a mechanical cutter for fabric cutting 
in that the cutting force usually existing during the mechanical cutting process can be 
eliminated. This can greatly facilitate the handling task and improve cutting perfomlance 
since fabrics are usually flexible and any undesirable force will cause wrinkle problems. 
Several lace cutting systems employing a laser as the cutting tool have been reported in 
section 2.1.3. 
As lace is predominantly made of Nylon 66 yams, understanding the interaction between 
a laser beam and Nylon 66 is important for the efficient use of laser energy and getting a 
good quality cutting result. Skordoulis et al. [94] studied the basic phenomenology of 
Nylon 66 ablation with XeCI, C02 and Nd:YAG lasers and found that the degradation 
temperature of the material for pulsed laser heating is 670K (397°C) and 1180K (907°C) 
for XeCl and C02 laser irradiation, respectively. These two temperature values are higher 
than the melting point of the material, 590K (317°C) , suggesting that the main thermal 
damage is from melting of the polymer surface. Nd:YAG laser was also examined, but 
direct comparison of the results with those of the XeCI and C02 lasers cannot be executed 
due to more than three orders of magnitude difference in the time duration and the shape 
of the pulses emitted. It is estimated that the degradation temperature with Nd:YAG laser 
heating is about 850K (approximately 577°C). 
The laser system parameters (spot size, pulse duration, etc.) can affect the resulting 
cutting quality greatly. With proper parameter settings, a laser system is able to cut the 
material efficiently while obtaining good cutting quality. Some research work has been 
carried out to find out the relationship between these parameters and the laser cutting 
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performance. Mathew et ai. [95] tried to find out how laser parameters affect the cutting 
quality of the Carbon Fibre Reinforced Plastic (CFRP) with a pulsed Nd:Y AG laser 
system. A response surface methodology (RSM) was used as it allowed all main effects as 
well as interactions to be evaluated with the minimum number of experiments. Woven 
fabric carbon fibre reinforced plastic composites of 2 mm thickness were used for the tests. 
The laser system is a pulsed Nd:YAG with a 300W capacity (average power) operating in 
the TEMoo mode. The input parameters selected were cutting velocity, pulse energy, pulse 
duration, repetition rate (RR) and the spot diameter was kept to be 0.1 mm. Based on the 
experiments, response surface models for the Heat Affected Zone (HAZ) and kerf width 
at top and bottom were developed. It had been found that higher pulse duration at lower 
RR gave a smaller HAZ and the greater the cutting speed, the less the interaction time and 
the less the HAZ. The HAZ was also directly proportional to the pulse energy. The top 
kerf width was found to decrease with an increase in RR up to the middle of the 
experimental range and later it was found to increase, whereas the bottom kerf width 
showed a decreasing trend with an increase in RR. Also, increase in pulse energy leaded 
to more material removal and increase in both kerf widths. 
Most of the factors in the middle range of the experiments conducted have been obtained 
as the optimal parameter ranges. This type of study can also be effectively conducted for 
other materials of similar types. Similar method is adopted by Bamforth [7] where a 5 
factorial (beam diameter, beam offset, beam speed, beam profile, beam diameter & beam 
offset) experiment has been conducted to find the factors affecting the size of the HAZ for 
both the CW and pulsed C02 laser cutting process for lace material. The results show that 
the beam diameter and beam offset significantly affect the size of the HAZ and they are 
proportional to the size of the HAZ. A flat region of the HAZ surfaces of both the CW 
and the pulsed laser systems has been identified where small changes in the beam 
diameter and offset will have little effect on the size of the HAZ, which is useful for 
finding the suitable parameter value to keep the HAZ minimum. 
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2.4 Summary of Literature Survey 
The literature survey for this project is mainly conducted in the following research areas: 
machine vision, fabric and web handling systems and laser cutting for fabrics. 
Due to the wide range of applications of machine vIsIon In vanous industries, it is 
impossible and not necessary to explore all the applications and therefore only some 
typical applications have been selected and presented here. The machine vision 
applications in the textile industry, particularly for lace inspection and lace cutting, are 
reported in more detail as they are closely related to this project. The literature survey in 
this area has shown that machine vision is a feasible method for lace cutting and has a 
huge potential for further development. When combined with the laser cutting techniques, 
machine vision based lace cutting systems have obvious advantages over the conventional 
mechanical lace cutting systems. However, at this early stage of the lace cutting research, 
most attention was paid to developing image processing algorithms and the research 
regarding lace cutting edge quality has been overlooked. 
Very little literature can be found regarding lace handling techniques as lace handling 
problems are nonnally neglected by the researchers. However, some fabric handling 
techniques have been identified which are commonly used in the gannent sewing industry. 
Because of the similar mechanical properties between lace and other normal fabrics, these 
fabric handling techniques are investigated and reported. Furthennore, the web handling 
techniques used in web processing systems are also investigated in which some web 
tension control techniques are described in detail. 
As a lace cutting tool, the advantages of a laser cutting system over the mechanical cutting 
system are identified. The methods to investigate how the parameter settings of a laser 
cutting system affect the resulting lace cutting edge quality are investigated as well. 
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3 Tension 
Quality 
Effect on Lace Cutting 
Chapter 3 
Edge 
Although lace cutting research has been started since 1980s, most attention was paid to 
developing image processing algorithms for cutting path detection. Lace handling related 
problems, especially the handling tension applied on lace, have not been the main 
research focus of previous research work in this multidisciplinary field. Lace samples arc 
usually transported into the cutting area by a transportation system having no ability to 
control the local tension in the cutting zone. As more lace cutting tests have been 
conducted and more experience gained, the tension applied on a lace sample is considered 
to be an important factor affecting the resulting lace edge quality. 
In this chapter, the tension effect on lace cutting edge quality is investigated in detail. It is 
the first time that the problem has been proposed and investigated. In section 3.1, the 
elastic property of three representative types of lace is investigated, through which a better 
understanding of lace property and the relationship between the tension applied on the 
lace and the according extension can be obtained. In section 3.2, a lace transport and 
tensioning rig is described. Based on the results presented in section 3.1 and 3.2, then in 
section 3.3, the edge quality of the lace samples cut under different tension forces is 
assessed and compared, through which the benefit of applying tension can be identified. 
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3.1 Lace Elastic Property Investigation 
The purpose of investigating the elastic property of some lace samples is to quantify the 
tension force applied on the lace samples during the later tension effect experiments. As 
lace is flexible and extensible, significant extension can be observed when a small amount 
of tension force is applied, which means it would be much easier to measure the extension 
rather than measure the tension force directly. The applied tension force can then be 
calculated from the extension measured provided that the relationship between the tension 
and the extension is known. This relationship between the tension and the extension of 
lace is generally referred to as the elastic property of a certain type of lace. 
The existing mechanical lace cutting processes do not attempt to control the lace tension 
directly in the cutting zone. From the inspection of the lace pattern and waste mesh, it 
seems clear that some combination of lateral and longitudinal tension would be beneficial. 
The two types of tension applied on the lace sample during the lace cutting operation are 
classified according to the tension direction relative to the lace cutting path. The tension 
applied normal to the scalloping path is called lateral tension and the one parallel to the 
cutting path is longitudinal tension. Figure 3-1 shows the orientations of lateral and 
longitudinal tension with respect to the cutting path respectively. 
3.1.1 Experiment setup 
A Hounsfield H5KS Load test machine was employed to investigate lace elastic 
properties. The H5KS machine has a screw jack type linear slide with a fixed and a 
moving clamps, between which the lace sample is clamped and fixed. A load cell is 
installed inside the moving clamp and connected to a standard Pc. A graph showing the 
Force-Elongation relationship can be shown directly on the computer screen, from which 
further analysis can be done. Two adjustable stop switches are used for system safety. 
Figure 3-2 shows the layout of the machine. 
Three representative types of lace (as shown in Figure 3-3) with different patterns and 
stretchiness are selected for the tests. Each lace sample is fixed between the jaw clamps 
and moved upwards by the upper moving support driven by a lead screw mechanism unti 1 
the sample is broken. A load cell and an L VDT are used to measure the tension applied on 
the lace sample and the elongation of the lace sample respectively. The data is then sent to 
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the PC linked with the test machine and a graph showing the relationship between the 
tension and the elongation appears on the screen of the PC after each test. 
Stop switches 
Link to PC 
Lateral tension 
Figure 3-1 Longitudinal and lateral tension 
Cutting path 
Moving clamp with 
load cell 
Lace sample 
--------Fixed clan1p 
Figure 3-2 Hounsfield test machine layout 
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Figure 3-3 Lace samples: type I: rigid, type II : stretchy, type III: stretchy (from left to right) 
3.1.2 Data analysis 
Figure 3-4 shows the test result of a lateral tension test with a lace sample of type II . 
During the test, the lace sample is stretched until it is totally broken. The test is repeated 
three times with three nominally identical lace pieces with each one being 150 mm long 
and 75 mrn wide (length refers to the side parallel to the tension direction and width refers 
to the side perpendicular to the tension direction). From the graph, the whole test process 
from the beginning to the total breakage of the lace sample can be observed. However, the 
data after the lace sample being broken is not of interest since the lace breakage will 
absolutely be avoided during the practical lace cutting process. What is of interest is the 
section from Omrn to 50mm of the elongation for the lace sample of type II. Any data 
outside this range will be discarded as this will not be encountered in the practical cutting 
process. 
The relationship between the tension and the elongation is not linear as seen from Figure 
3-4, but a 3rd order polynomial can be used to approximate the relationship [2] . After the 
approximation equation is obtained, the applied tension force can be calculated by putting 
the value of the corresponding extension into the equation. One problem with this 
approach is that the equation obtained from the experiment only applies to the lace 
samples having exactly the same size as the one used in the tension test that is, 150 nun 
long and 75 mrn wide. However, lace used in the later tension effect experiments or the 
practical lace cutting operation could have different sizes. The problem can be tackled by 
establishing the relationship between the tension and the extension rate, which can be 
obtained by dividing the total length of the stretched lace sample by the original length. 
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Figure 3-4 Lateral tension test result with lace sample II 
Chapter 3 
As shown in Figure 3-5, the relationship between the tension and the extension rate is 
much similar to that shown in Figure 3-4. The trend line and the corresponding equation 
could be easily obtained within the Microsoft Excel environment for each curve. 
Relationship between Tension and Extension Rate 
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Figure 3-5 Relationship between Tension and Extension Rate 
As mentioned above, the relationship could be approximated by a 3rd order polynomial 
and its general format is: 
Y = R\X3 + R2 X
2 + R3X + R4 
Where: 
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Y - Tension in N 
x - Extension rate 
Rl to R4 - equation coefficients 
From the equation of each trend line, the coefficients can be obtained as shown in Table 
3-1: 
RI R2 R3 R4 
Trend 1 4.00E-03 -0.1098 11.658 -423.65 
Trend 2 4.00E-03 -0.1079 11.327 -408.26 
Trend 3 4.00E-03 -0.1287 13.91 -513.89 
Average 4.00E-03 -l.15E-01 l.23E+OI -4.49E+02 
Final result 2.67E-06 -7.70E-04 8.20E-02 -2.99E+00 
Table 3-1 Result for each equation coefficient 
By averaging each coefficient and then dividing them by the width of the lace sample 
being tested, the final result of all four coefficients can be obtained for tension in unit 
width as shown in the last row of the Table 3-1. 
So the approximation equation for the lace sample of type II is: 
[2] 
Where: 
T - Tension in unit width, N/mm 
X - Extension rate, the lace sample length after extension divided by the original 
length 
Suppose that the original size of a lace sample is M mm long and N mm wide. After 
lateral tension being applied, the length becomes to be P mm while the width is assumed 
to remain N mm. The lateral tension applied can be calculated as follows. 
. lOOP ExtenSIOn rate = --
M 
Lateral. Tension = [R, • (100P)3 + R2 • (100 P)2 + R3 • (lOOP) + R4] x N(Newton) 
M M M 
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By inputting the value of Rl to R4 shown in Table 3-1, the lateral tension can be easily 
worked out. 
As the data processing and analysis procedures to investigate the elastic properties of the 
other lace types are much similar to these described above, only the final results are 
summarised here as shown in Table 3-2 and Table 3-3. All experiment results and graphs 
are included in Appendix 12.1. 
Lace No. Softness Tension in unit width (N/mm) VS Extension rate (Lateral direction) 
Lace type I Rigid T=8.67xlO-6 X 3 -2.48xl0-3 X 2 +2.38xlO- 1 X -7.59 
Lace type n Stretchy T = 2.67xI0-1> X 3 -7.7xI0-4 X2 +8.2xlW2 X -2.99 
Lace type ill Stretchy T = 3.11 X 10-7 X 3 -9.62x 10-5 X2 + 1.06 x 10-2 X - 0.48 
Table 3-2 Equations of lateral tension for each lace type 
Lace No. Softness Tension in unit width (N/mm) VS Extension rate (Longitudinal direction) 
Lace type I Rigid T=3.15x10-6 X 3 -1.04xI0-3 X 2 +1.14xlO- 1 X -4.2 
Lace type n Stretchy T = 1.11 x 10-6 X 3 - 5.05 x 10-4 X 2 + 6.94 xl 0- 2 X - 3.15 
Lace type ill Stretchy T=2.22xlO-6 X 3 -7.37xlO-s X2 -1.03x10-2 X -0.494 
Table 3-3 Equations of longitudinal tension for each lace type 
With the elastic property equations obtained from the experiments and data analysis, any 
tension applied on these types of lace can be calculated by measuring the resultant 
extension, regardless of the lace size. This method can further apply to other lace types if 
needed. 
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3.2 Early Lace Transport and Tensioning Rig 
To carry out the tension effect experiment, lace samples need to be automatically 
transported into the laser cutting area and then stretched until the preset tension is applied. 
The applied tension is required to be constant throughout the experiment process so that 
its effect on the resulting cutting edge quality can always remain the same. Lace handling 
generally refers to two separate aspects: lace transport and lace tensioning. Extensive 
research has shown that the predominant method for lace transport is using a roller system 
[79]. The obvious advantages of a roller system are its compact design and the ease of 
controlling the longitudinal tension with a closed loop method. An alternative method for 
lace transport is utilising a movable bed on which the lace is laid. But this method may 
not suitable for this project if the lace needs to be illuminated by a light source right 
underneath and therefore the bed would be an obstacle, as discussed and shown in section 
5.1.3.2. 
A lace transport and tensioning rig has been designed and manufactured [80]. In this 
section, the principles of how the rig transports and tensions a lace sample will be briefly 
introduced first and then some improvement dedicated to making it automatic and more 
suitable for the later tension effect experiments will be described. 
3.2.1 Transport method 
A roller system is designed to transport the lace into the cutting area as shown in Figure 
3-6. The roller system consists of an infeed roHer, a take-up roller and a drive roller. Two 
DC motors are used to drive the take-up roller and the drive roller pair, both of which run 
at constant speeds, while the infeed roller rotates under the feed action of the lace fabric. 
As more and more lace winds onto the take-up roller during the lace cutting process, the 
diameter of the take-up roller is increased gradually, which causes the tension in the lace 
section between the driven roller and take-up roller to rise, eventually leading to lace 
breakage if the speed of the take-up roller and the drive roller remains constant. The 
problem can be solved by installing an adjustable clutch with the take-up roller, which 
will slip to let the take-up roller stop rotating if the tension in the lace section between 
these two rollers reaches the preset tension of the clutch and then the take-up roller will 
begin to rotate again if the tension is less than the preset value. 
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Take-up roller (driven) Infeed roller 
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Drive roller (constant speed) 
Cutting Area 
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Illumination 
Figure 3-6 Roller system arrangement 
3.2.2 Tensioning method 
Chapter 3 
Lace 
The other function of the rig is to tension the lace automatically during the lace cutting 
process. As stated in section 3.1, there are two types of tension needed to be applied and 
controlled, that is, lateral tension and longitudinal tension. 
3.2.2.1 Longitudinal tension 
Initially longitudinal tension is applied by applying a small amount of braking torque to 
the infeed roller through a rubber thread. By adjusting the contact area and tightness 
between the rubber thread and the infeed roller, the applied torque can be varied and 
consequently the longitudinal tension applied on the lace sample being cut can be changed 
as well. However, this method proves to be uncertain and uncontrollable. Instead of using 
a rubber thread, a nylon thread together with a spring mechanism is used as shown in 
Figure 3-7. 
By moving the control block up and down along the scale, the torque applied on the feed 
roller can be changed and therefore various longitudinal tension can be applied. For each 
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position of the control block, the corresponding longitudinal tension applied can be 
established by measuring the longitudinal extension of the lace sample and then putting it 
back into the lace elastic property equation obtained before. As the lace of different type 
has different elastic property, the applied longitudinal tension is also different even 
though the control block is in the same position. This method is considered to be simple to 
implement and accurate enough for the later tension effect experiment. 
Spring 
~ Nylon thread 
I .~--Tension scale 
Control Block 
Figure 3-7 Longitudinal tension control 
3.2.2.2 Lateral tension 
The lateral tensioning system is composed of (i) clamping and (ii) tensioning sub-systems. 
As shown in Figure 3-8, the lace clamping unit consists of two single acting cylinders 
with spring return controlled by a pneumatic system. 
In order to clamp both sides of the lace at the same time, two clamping units are 
integrated to form the clamping sub-system, with one clamping unit fixed and the other 
one able to move along the rail , as shown in Figure 3-9. 
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Single acting cylinder 
Figure 3-8 Lace clamping unit (Left: ISO view, Right: right view) (Smith, 2003) 
Fixed clamping Lillit Lace sample Movable clamping unit 
Figure 3-9 Clamping sub-system (Smith, 2003) 
After both sides of the lace have been clamped tightly, the movable clamping unit will be 
displaced by the tensioning subsystem which consists of two double acting cylinders as 
shown in Figure 3-10. By varying the distance of the movable clamping unit being 
displaced from its original position, the lateral tension can also be varied and controlled. 
The applied lateral tension can also be obtained with the same method used for calculating 
the applied longitudinal tension. After final assembly, the rig looks like in Figure 3-11. 
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Lace sample 
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Figure 3-10 Tensioning sub-system (Smith, 2003) 
Figure 3-11 Final assembly of the transport and tensioning rig 
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3.2.3 Control of the transport and tensioning rig 
During the cutting process with the transport and tensioning rig, the lace needs to be 
transported into the cutting area first with the roller system. The longitudinal tension is 
applied while the lace is being transported. Then the clamping subsystem will be activated 
to clamp both sides of the lace. After then, the lateral tension is applied with the 
tensioning subsystem, getting the lace ready for cutting with the pulsed laser cutting 
system. After the lace within the cutting zone has been scalloped, the tensioning 
subsystem will be reset first and then so does the clamping subsystem so that the uncut 
lace can be indexed into the cutting area. By repeating the cycle, the lace can be tensioned 
and cut step by step. 
In order to execute the cutting process described above automatically, the transport and 
tensioning rig needs to be fully controlled via a Pc. The components needed to control 
include DC motors and pneumatic valves, which actuate the roller system and cylinders 
respectively. According to the lace cutting process described above, switching on or off 
the actuators (DC motors and pneumatic valves) in order can satisfy the requirements. A 
circuit functioning as a switch has been designed and manufactured as shown in Figure 
3-12. 
Diode 
Resistor 
card 
Transistor 
Figure 3-12 Control circuit structure 
65 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 3 
The transistor is acting as a switch which will be switched on after receiving a signal from 
the PC and then the motor or valve connected to it will be activated. The diode is used to 
protect the circuit from induced voltage generated from the motors or the valves when 
they are switched off. A PC 10 multi function interface card is used to interface the test 
rig with the PC, which has a 37 way D connector, wired to which are two 8-bit digital I/O 
ports that can be configured as either inputs or outputs. This card has other functions 
including three timer counters, an oscillator up to 8 MHz, and several DAC and ADC 
modules, but these functions are redundant for this project. 
The software used for control is completely undertaken from within the WiT environment. 
Besides the various powerful operators offered by WiT software for machine vision 
applications, special purpose operators can also be developed for specific tasks. To 
control the rig, several new operators are built using C/C++ language. The WiT system 
supports an interface using the ActiveX system to Microsoft Visual Basic (VB). A 
graphic user interface (GUI) has been developed, from which a user can control the test 
rig by simply clicking the corresponding buttons. The GUI is shown in Figure 3-13. 
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Figure 3-13 GUI for transport and tensioning rig control 
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3.2.4 Installation 
As part of the whole lace cutting system, the transport and tensioning rig needs to be 
installed within the laser cutting system as shown in Figure 3-14. In order to avoid any 
potential safety problem, all components are enclosed in a plastic enclosure. The dashed 
rectangle indicates the position where the transport and tensioning rig should be installed. 
After some rearrangement, the rig looks like in Figure 3-15. 
_"'::::=."._OO"''''j Melles"Griot 250W C02 
Camera & Lens 
Enclosure ~ 
rr======== 
Lace transport & 
tensioning ri~ 
~ I+----Laser beam 
x-y movable , ................. ... ..... . .................. : 
table ~ i..... I'!I"""""~ . .... .. Light source 
a U _ ~ L~III 
Figure 3-14 Schematic view of the targeting rig (Bamforth, 2003) 
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Figure 3-15 Test rig in the working environment 
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3.3 Tension Effect on Lace Cutting Edge Quality 
The cutting edge quality of the lace cut by a machine vision based laser cutting system is 
determined by several factors, including the quality of the captured images, the image 
processing algorithms used to detect the cutting path, the parameter settings of the spot 
size, the pulse duration, and the pulse energy etc. of the laser system. Bad edge quality 
could be produced if one or more of these factors do not meet the system requirements. 
Other factors, such as the mechanical aspects and the characteristics of lace itself also 
play an important role in determining the resulting edge quality of the lace. All these 
factors' effect on the lace cutting edge quality has been explored to some extent before by 
some researchers [96]. However, the tension effect on lace cutting edge quality has never 
been studied so far. 
With the elastic properties of several types of lace obtained and the transport and 
tensioning rig ready for transporting and tensioning lace, a series of experiments were 
carried out to find out how the applied tension affects the lace cutting edge quality. There 
are usually two types of tension applied on the lace during a lace cutting process, the 
lateral and longitudinal tension, and both need to be investigated separately. Because the 
experiment procedures are much similar, only the experiment of investigating the lateral 
tension effect will be described in detail, where the longitudinal tension will always be 
kept constant. By varying the magnitude of the lateral tension, lace samples having 
different edge quality are expected to be produced. The lateral tension effect can then be 
found out by comparing these lace samples in terms of the resulting edge quality. 
3.3.1 Experiment setup 
As described in section 3.2.2.2, the lateral tension applied on a lace sample can be 
controlled by setting the distance of the movable clamping unit of the transport and 
tensioning rig from its original position. For the lateral tension effect experiment, the 
selected lace samples have been cut under three different types of lateral tension, which 
consequently requires three different displacements of the movable clamping unit. 
The lace samples selected for the experiment are the same as those whose elastic 
properties have been investigated in section 3.1, among which only lace type II is 
described in detail here as the experiment process is much similar for other types of lace. 
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The movable clamping unit is displaced 0 mm, 10 mm and 20 mm from its original 
position respectively and the corresponding lateral tension applied on the lace sample can 
be calculated based on the lace elastic property equation. As the clamping unit is 75 mm 
long, it can only clamp and apply lateral tension on a 75 mm long lace sample section 
while the rest of the lace sample is free from the lateral tension. The different 
displacements of the movable clamping unit and the corresponding lateral tension applied 
are listed in Table 3-4. 
Extension (mm) Sample length (mm) Actual Tension (N) 
Low Tension 0 75 0 
Medium Tension 10 75 4 
High Tension 20 75 14 
Table 3-4 Different lateral tension applied on the lace sample II 
In order to facilitate the cutting process, a certain mount of longitudinal tension is also 
applied and kept same for each cutting process. In this way, the longitudinal tension effect 
is the same for all the lace samples produced, making the cutting result comparable. Also, 
the parameter settings of the machine vision system and the laser system are always kept 
unchanged for the same reason. The lace under different lateral tension appears to be 
different as shown in Figure 3-16. 
3.3.2 Experiment result and analysis 
With the existing pulsed laser cutting system and the transport and tensioning rig, three 
lace samples of type II have been cut under three different lateral tension forces with all 
other settings being the same. 
Each lace sample is expected to have different edge quality. In order to find out the lateral 
tension effect on the cutting edge quality of these samples, the edge quality needs to be 
assessed and compared with each other. This research has identified two existing methods 
of lace edge quality assessment used by some lace manufacturing industries. The first 
method involves panels of humans assessing the lace tactile quality and visual 
appearance, which is subjective and not reliable. The second method is using the 
Martindale Tester which uses a foam pad to simulate the human skin or tight material and 
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the quality is distinguished by the condition of the pad after abrasive testing. At the early 
stage of the project, these two methods seem not to be appropriate due to the 
unavailability of a Martindale tester. Alternatively, a microscopic method by which each 
purl of the lace sample being assessed will be inspected under a microscope is adopted . 
As the microscopic method, together with other two methods, will be described in detail 
in Chapter 7, the assessment process will be briefly introduced here. 
Low tension (0 N) 
Medium tension (4 N) 
High tension (14 N) 
Figure 3-16 Lace under different lateral tension 
3.3.2.1 Microscopic lace edge quality assessment and result 
As a long lace sample has many purls, it is impossible to inspect all of them one by one. 
Two pattern repeats containing 14 purls each (only true for lace type II) are selected from 
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each produced lace sample for inspection. The quality of each purl is assessed and 
classified according to its visual appearance under the microscope. 
1. Good quality 
The quality of a purl can only be classified as 'good' when no laser damage or residue can 
be seen under the microscope. The purl shown in Figure 3-17(a) has a smooth contour and 
is a good example of a good quality purl. 
2. Neutral quality 
The quality of a purl is considered to be 'neutral ' when small residue or little laser 
damage can be seen from the image, as shown in Figure 3-17(b). 
3. Bad quality 
The quality of a purl will be considered as ' bad ' if residue or laser damage can be clearly 
seen, as shown in Figure 3-17(c). 
Bad quality (c) Neutral quality (b) 
Good quality (a) 
Figure 3-17 Examples of purls having different edge quality 
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By observing and analysing the purls one by one under the microscope, the quality of 
each purl could be classified as: good, neutral and bad, as described above. The overall 
edge quality of the lace sample containing these purls is detennined by the percent of the 
good-quality purls out of all purls under inspection. The result of the quality assessment is 
listed in Table 3-5. 
Good 
Low-tension 6 
Medium-tension 15 
High-tension 21 
25 
20 
15 
10 
5 
o Low Tension 
Neutral Bad 
13 9 
7 6 
2 5 
Medium Tension 
Total 
28 
28 
28 
21 
High Tension 
Percent of good (%) 
21 
54 
75 
. Good 
DNeutral 
.Bad 
Table 3-5 Lace edge quality assessment result (Lace type II) 
From Table 3-5, it can be easily found that the lace sample cut under high lateral tension 
has much better edge quality than these cut under medium or low lateral tension, with 75 
percent of the purls of the lace sample cut under high lateral tension having good quality. 
From the analysis result, it can be safely concluded that applying lateral tension on a lace 
sample cut is beneficial to the cutting edge quality. 
The lateral tension experiments are then conducted with the other two types of lace (type I 
and III) . The experiment result is summarised in Table 3-6 and Table 3-7, which also 
prove that applying lateral tension can improve the overall lace cutting edge quality. 
When comparing these three tables (Table 3-5, Table 3-6, Table 3-7), it is noticed that the 
tension effect is more noticeable on stretchy lace (lace type II and III). When high tension 
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is applied, the percent of good quality purls is 75 and 78 respectively for lace of type II 
and lace of type III, and significant lace edge quality improvement has been observed. 
Extension Actual Percent of 
Good Neutral Bad Total 
(mm) tension (N) good (%) 
Low-tension 0 0 19 21 20 60 32 
Medium-tension 10 6 22 25 13 60 37 
High-tension 15 20 33 16 11 60 55 
Table 3-6 Experiment results with the lace of type I 
Extension Actual Percent of 
Good Neutral Bad Total 
(mm) tension (N) good (%) 
Low-tension 0 0 10 14 16 40 25 
Medium-tension 10 5 22 8 10 40 55 
High-tension 20 13 31 4 5 40 78 
Table 3-7 Experiment results with the lace of type III 
The effect of the other type of tension, longitudinal tension, is also studied, where the 
longitudinal tension is varied by moving the control block while the lateral tension and 
other systems settings are kept constant. All experiment results have been included in 
Appendix 12.2, which also shown that applying longitudinal tension, although not so 
significantly as lateral tension, can improve the lace cutting edge quality as well. 
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3.4 Summary and Discussion 
In this chapter, a series of experiments have been carried out to investigate how the 
tension applied on the lace affects the resulting lace cutting edge quality. Two types of 
tension have been identified during the lace cutting process, which are lateral and 
longitudinal tension. Their effect on the lace cutting edge quality has been investigated 
separately. All experiment results show that applying more tension can improve the 
resulting lace cutting edge quality, although the extent to which the applied tension can 
improve the cutting edge quality varies, depending on the lace type and the tension 
direction. As both types of tension are beneficial to lace cutting edge quality 
improvement, it is speculated that the combination of them helps to improve the edge 
quality as well. 
During the lace cutting processes of the experiments, the status of the purls being cut is 
monitored with a camera. Three images are captured separately to track how a thread is 
cut off from the purl it is connected to, as shown in Figure 3-18. 
Before cutting Cutting point detection After cutting 
Figure 3-18 The cutting process of a thread 
Due to its inherent flexibility the structure of lace threads can be ea ily changed by the 
applied tension. It is observed that applying more tension tends to make a thread easier to 
cut. As shown in Figure 3-19, two same purls (in terms of the position in the pattern and 
the structure of connected threads) look different under different tension. Under low 
tension, the threads connected to the purl are loose and some r sidue can be seen after 
they are cut off. On the other hand, the threads under high tension are pulled away from 
the purl and only one shot is needed to cut them off. The cutting quality is improved as 
well. 
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So far, it has been verified that applying some tension on lace during the lace cutting 
process can improve the lace cutting edge quality. However, why applying tension affects 
the lace cutting edge quality remains unknown, which will be di scussed in detail in 
Chapter 4. 
Pulsed laser 
; 
Low tension Residue 
Pulsed laser 
, Good cutting result 
High tension 
Figure 3-19 Same purls under different tension 
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4 Strategic Lace Cutting 
From all the tension effect experiments described in Chapter 3, the conclusion can he 
drawn that applying tension on the lace cut by the pulsed laser cutting system can improve 
the resulting lace cutting edge quality. In order to find out why applying tension can 
improve lace cutting edge quality, the lace structure will be observed at a high 
magnification with the aid of a microscope first in this chapter. After in-depth 
observations on how lace reacts to the applied tension, a cutting strategy intended to 
further improve the lace cutting edge quality by cutting lace in an order decided 
dynamically according to the lace structure will be presented. The design and 
manufacturing process of an intermediate tensioning rig capable of manually tensioning 
lace will also be described. 
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4.1 Lace Microstructure Observations 
Waste mesh is linked to the lace pattern section through connection threads. The number 
of the connection threads connected to each purl varies, depending on the lace design and 
the position of the purl, and usually ranges from 1 to 4, as shown in Figure 4-1. With the 
pulsed laser cutting system, the laser beam is directed to each cutting point one by one, 
where the connection thread and a purl intersect. The cutting quality of the purl s 
determines the overall edge quality of the lace sample being cut and a good quality purl 
can be produced only if the connection thread is precisely cut off and no residue or laser 
damage is caused, which is usually very difficult to accomplish. 
. ' 
Lace pattern I .... : .', 
section 
Figure 4-1 Normal lace structure 
Connection 
threads 
A purl having 
two connection 
threads 
With the camera of the current pulsed laser cutting system, which has a resolution of 
768x576 pixels, the lace changes due to the increasing applied tension are as shown in 
Figure 4-2. It can be observed that both the connection threads and purls are gradually 
stretched as more tension is applied. However, how the lace changes is unpredictable due 
to the complex structure and inherent flexibility of the lace. The information obtained by 
observing lace changes from Figure 4-2 fails to identify the reason why applying more 
tension can improve the lace cutting edge quality. As the laser beam is directed to the 
point where a purl intersects with the connection thread during the lace cutting process 
with the pulsed laser cutting system, it is considered necessary to investigate how a purl 
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and a connection thread connect to each other in more detail. A microscope is used to 
observe the connection structure between a purl and its connection threads. 
High tension 
Medium tension 
Features indicating 
tension change 
Figure 4-2 Lace changes with the applied tension increasing 
Figure 4-3 shows the lace structure viewed with the microscope, In which the purl 
connects with its two connection threads through an interlocking structure. The 
connection structure becomes much clearer when some more tension is applied as shown 
in Figure 4-4. The applied tension pulls the two connection threads away from the purl, 
exposing the otherwise hidden structure. The thread going through the purl and then 
connecting the thick connection threads to the purl is usually called a loop thread. 
From the inspection of Figure 4-4, it may be speculated that if the pulsed laser beam is 
applied at cutting point A or B (see Figure 4-5) on the loop thread and under the applied 
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tension, the loop thread will be pulled through the purl. Then the connection threads will 
be cut off cleanly with the loop thread. The produced purl will be of perfect quality 
because no visual laser damage will be produced. 
Purl 
Purl 
<;::::=::::J 
Tension 
Connection threads 
Figure 4-3 The microstructure of a purl 
c::::=~> 
Tension 
Connection threads 
Loop thread 
Figure 4-4 The microstructure of a purl with some tension applied 
Cutting point A 
Cutting point B 
Figure 4-5 Two potential perfect cutting points of the purl 
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Hundreds of purls of different lace type have been observed under the microscope and 
such 'loop thread ' structure can be found. Another example of a purl together with its 
connection threads and loop thread is shown in Figure 4-6. 
Purl 
<~==::J 
Tension 
Connection thread 
Loop thread 
c=~> 
Tension 
Figure 4-6 The microstructure of another purl 
In a normal condition where lace is free from any tension, the loop thread of a purl usually 
cannot be seen even under the microscope as it shrinks back and is covered by other 
threads. Only after adequate tension is applied can the loop thread structure be observed. 
Figure 4-7 has shown how the loop thread is gradually exposed as more and more tension 
is applied. 
From all these examples, it can be clearly seen that applying more tension on lace can 
help to expose the loop thread of a purl. During the lace cutting process, directing a pulsed 
laser beam on the loop thread of a purl can cleanly cut off the loop thread and all 
connection threads connected to it, thus producing a purl of perfect quality. From this 
point of view, the conclusion drawn from the tension effect experiments carried out in 
Chapter 3, which states that applying tension on lace can improve lace cutting edge 
quality, can be fully explained as applying more tension increases the possibility of 
producing purls of good quality. If, for every single purl, the loop thread can be exposed 
by applying tension and the pulsed laser beam can be targeted accurately on the loop 
thread, the produced lace will have high-level quality. However, how to expose the loop 
thread effectively by applying tension remains unknown so far and requires a full 
understanding of how connection threads react to the applied tension. The reaction of 
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connection threads to the applied tension is speculated to be complicated due to lace's 
complex structure and will be investigated and described in section 4.3. 
No tension Some tension (5 Newtons) 
More tension (15 Newtons) 
Figure 4-7 Structure change with more tension applied 
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4.2 Intermediate Lace Tensioning Rig 
The process of inspecting the microstructure of purls with the aid of the microscope 
indicates the possibility of producing lace with perfect quality. In order to further 
investigate the lace behaviour in a more local scale during the lace cutting process, 
another tensioning rig is considered necessary. Relative to the final automatic lace 
handling rig which will be described in Chapter 6, this tensioning rig is referred to as 
intermediate tensioning rig. 
4.2.1 Drawbacks of the early transport and tensioning rig 
The early lace transport and tensioning rig described in Chapter 3 is able to transport a 
lace sample into the laser cutting area and tension it in both lateral and longitudinal 
directions. Though the rig is capable of meeting the requirements for the tension effect 
experiments to investigate how applying tension affects lace cutting edge quality, its 
inherent drawbacks and the complex characteristics of lace make it unsuitable for the later 
experiments. 
1. Method to apply lateral tension 
With the early tensioning rig, lateral tension is applied by clamping both sides of the lace 
and then displacing the movable clamping unit to a preset position (see section 3.2). 
During this tensioning process, the lace needs to be stationary until the lateral tension has 
been applied. However, during the real-time lace cutting process, the lace being cut is 
transported continuously. From this point of view, this rig is clearly unsuitable. 
2. Uneven tensioning 
In order to produce a high quality purl, it is desirable that every connection thread of the 
purl is adequately tensioned before it is cut by the pulsed laser beam. Ensuring that all 
connection threads are tensioned can increase the possibility of the loop thread being 
exposed to the laser beam. However, with the early tensioning rig, the applied tension 
cannot be evenly distributed to each thread as every single thread is unique and different 
due to the complex structure of lace. This causes the problem that some threads are highly 
tensioned while others are still in a relaxed state, as shown in Figure 4-8. 
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Low tension High tension 
Figure 4-8 Uneven tensioning 
3. Dramatic tension change after each cutting 
Chapter 4 
Threads not 
tensioned 
As observed during the lace cutting process, a thread will usually shrink back after it is 
cut off by the laser beam. Consequently, this will incur the redistribution of the applied 
tension to the remaining threads. The tension redistribution process usually causes a 
dramatic change, as shown in Figure 4-9. 
Purl A Cutting point 
Before cutting After cutting 
Figure 4-9 Dramatic change after each cutting 
The change can make a relaxed thread to be tensioned or vice versa and is totally 
unpredictable due to the flexible characteristics of lace. As the early test rig tensions the 
lace by displacing the movable clamping unit to a fixed position, it is not able to cope 
with the tension change, as described in section 3.2.2. 
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4.2.2 Design of the intermediate tensioning rig 
To address all these drawbacks of the early transport and tensioning rig, a new test rig 
capable of not only transporting the lace continuously into the laser cutting zone, but also 
tensioning the lace properly without stopping the lace is desired. However, before starting 
the design process of such kind of lace transport and tensioning rig, it is necessary to test 
and identify an appropriate tensioning method to expose the loop thread so that the lace 
cutting edge quality can be further improved. The intermediate tensioning rig is intended 
to explore the lace tensioning methods and facilitate the observation of the lace changes 
during the lace cutting process step by step. For this purpose, the requirement of 
transporting lace continuously becomes unnecessary. Designing a manually operated 
intermediate tensioning rig, which is able to properly apply tension on a small lace section, 
is more feasible and appropriate. This test rig must, however, use a concept that can be 
applied in continuous transport of the lace. 
4.2.2.1 Tensioning method concept 
Proper lace tensioning means exposing the loop thread of the purl being cut, which helps 
to produce a high quality purl free from any laser damage as discussed previously. The 
loop thread of a purl usually shrinks back into the purl when no tension is applied. The 
applied tension must be concentrated on the connection threads connected to the loop 
thread so that it can be pulled out and exposed to the laser beam. This indicates that the 
intermediate tensioning rig should apply tension on a smaller lace area than the early 
transport and tensioning rig. In the previous research of lace cutting, the loop thread has 
never been identified or discussed. The tensioning methods used before are mainly for 
facilitating the lace cutting operation rather than improving the lace cutting edge quality. 
From the mechanical lace cutting system to this project, the lace tensioning method 
evolves in a "zooming in" way as shown in Table 4-1. 
Tensioning system Tensioning method 
Mechanical cutting system Global tensioning (3.8m wide X 200m long) 
Early transport and tensioning system Controlled tensioning of local area (typical 75x80 mm) 
Intermediate tensioning system Controlled tensioning of a smaller area (lOxlO mm or less) 
Table 4-1 Lace tensioning method development 
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According to everyday experience, a small area of lace can be ideally tensioned with four 
fingers as shown in Figure 4-10 where each finger independently pulls the lace away in 
different directions. By varying the magnitude and direction of the tension applied by 
each finger, the lace section can always be properly tensioned. 
Figure 4-10 Tensioning lace section with four fingers 
Tension in 
different directions 
From Figure 4-10, it is straightforward to conclude that a tensioning rig capable of 
emulating four fingers applying tension would be able to adequately tension a small lace 
section. In order to facilitate applying tension, a small opening is usually cut with scissors 
beforehand as shown in Figure 4-11. 
Figure 4-1 t Lace tensioning with an opening 
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As lace is flat and very thin when compared to its length and width, it can be considered 
as a two-dimensional object, which means that lace only needs to be tensioned in the 
plane of the lace surface. To simulate the movement of the four fingers to apply tension , 
four aluminium blocks are employed, on which the lace is attached through Velcro. By 
manipulating these blocks to adjust the directions and magnitudes of the applied tension, 
the lace section can be adequately tensioned, as shown in Figure 4-12. 
Lace main body 
Tension direction 
(adjustable) 
Figure 4-12 Tensioning lace with four blocks 
Waste mesh 
Tensioning area 
Tensioning block 
The tension each block applies on the lace can be decomposed into two types of tension 
relative to the cutting path, lateral tension and longitudinal tension, as shown in Figure 
4-13. 
Lateral tension 
Tensioning block 
Longitudinal tension 
Tension applied by block 
Figure 4-13 Tension decomposition 
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By moving each tensioning block translationally in lateral and longitudinal directions, the 
magnitude and direction of the tension applied can be varied and the des ired tension to 
adequately tension the lace can always be achieved. However, as to the tensioning block I 
and 2, there is another option available to vary the tension they have appljed, that is, 
rotating these two blocks around the rotation point while block 3 and 4 are still moved 
translationally, as shown in Figure 4-14. 
Tensioning block 
Rotation direction 
Rotation point 
Figure 4-14 Manipulating tension by rotating tensioning blocks 1 and 2 
Based on the analysis above two tensioning methods have been identified, which are 
described and compared as follows. 
1. Translational tensioning method 
According to the translational tensioning method, all four tensioning blocks are moved in 
lateral and longitudinal directions, as shown in Figure 4-15. 
2. Mixed tensioning method 
The lace section is tensioned by moving tensioning block 3 and 4 in longitudinal and 
lateral directions but rotating tensioning block 1 and 2 around the rotation point, as shown 
in Figure 4-16. 
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Lateral direction 
Tensioning block 
Lateral direction 
Translation direction 
Tensioning block 
Figure 4-15 Translational tensioning method 
Rotation direction 
Rotation point 
Translation direction 
Figure 4-16 Mixed tensioning method 
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4.2.2.2 Tensioning method decision 
Both tensioning methods are capable of adequately tensioning a small lace section. In 
order to decide which method is more appropriate, their advantages and disadvantages 
need to be identified and compared. As the only difference between these two methods is 
how tensioning block 1 and 2 are moved (see Figure 4-15 and Figure 4-16), the effect of 
translational and rotational movement on tensioning effectiveness and design simplicity is 
compared. 
1. Tensioning effectiveness 
As seen in Figure 4-17, the angle e between the tension applied by the tensioning block 1 
and 2 is a key factor of affecting how well the small lace section is tensioned. Depending 
on the structure of the lace section being tensioned, there is usually an optimal angle. 
When the angle value between the tension 1 and 2 reaches the optimal value, provided 
that the magnitudes of tension 1 and 2 are also appropriate, the lace section will be best 
tensioned. However, as the lace structure is complex and different, lace sections of a lace 
sample have different structures. The angle e needs to be changed accordingly to cope 
with the lace structure variation. 
Tension 1 Tension 2 
Tensioning angle 
Figure 4-17 Tensioning angle 
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As shown in Figure 4-18 and Figure 4-19, tension 2 is changed by rotating or translating 
tensioning block 2. In terms of the effectiveness of changing the angle e between tension 
1 and 2, rotating the tensioning block 2 around the rotation point is better than translating 
it in both lateral and longitudinal directions. While translating the tensioning block 2 in 
the lateral direction increases the angle e, the translation movement along the longitudinal 
direction decreases the angle 9. The counteraction between lateral and longitudinal 
translation movement makes it difficult to control the angle 9. 
Tension 1 
Tension 1 
2. Design simplicity 
·Tension 2 
\Rotation movement 
_ .,.j Tension 2 new position 
--
Figure 4-18 Rotational tensioning process 
.~ Tension 2 new position 
~ i 
~ I Translation movement 
i I 
Tension 2 '. ~ 
- - . - ~- -. - . - : .• 
~ ~ •••• ···~rension 2 intermediate position 
~ .... i.·· , .. 
~ .... 
•• ,.,.--...... ~ ... 
~ .. l·· • 
Figure 4-19 Translational tensioning process 
As shown in Figure 4-18, without changing the rotation radius, only the direction of the 
tension 2 is changed. In order to change both the direction and magnitude of tension 2 at 
the same time, the rotation radius needs to be increased gradually as tensioning block 2 is 
rotated, which undoubtedly makes the design more complex. In addition, the radius value 
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is detennined by the distance between the rotation point and the position of lace being 
attached onto the tensioning block, both of which cannot be decided beforehand. On the 
other hand, with the translation tensioning method, the direction and magnitude of the 
tension can be varied concurrently, as shown in Figure 4-19. In tenns of the design 
simplicity, translational tensioning method is more practicable. 
Based on the analysis and companson above, translational tensioning method is 
considered more appropriate. Although the angle e between the tension 1 and 2 shown in 
Figure 4-17 needs to be varied to adequately tension a small lace section, it is not 
necessary to control it precisely. As the intennediate tensioning rig will be operated 
manually, with the feedback from observing the lace section being tensioned, the operator 
using the tensioning rig will eventually be able to adequately tension the lace section 
using the translational tensioning method. 
As moving tensioning block 1 or 2 in lateral and longitudinal directions has counteractive 
effect on changing the angle between the tension 1 and 2, as shown in Figure 4-19, 
tensioning block I and 2 are designed so that they are only able to move in the lateral 
direction. The final decision of tensioning method is shown in Figure 4-20. 
4.2.2.3 Detailed design and manufacturing 
After the tensioning method has been decided, there are several other aspects of the 
intennediate tensioning rig that need to be specified. 
1. Size of the tensioning block 
As the intennediate rig is used to tension a small lace section, usually no more than 
3 Ommx 3 Omm , a large tensioning block will be unwieldy to manipulate the lace 
section of this small size. 20mmx20mm is considered an appropriate size of the 
tensioning block. 
2. Translation method 
There are many options for translating the tensioning blocks in longitudinal and 
lateral directions, such as a linear bearing based system. As the intennediate 
tensioning rig will be manually operated, speed is not considered as an issue. The 
combination of extrusions and a plastic rail is considered competent and cost-
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effective. A manually operated lead screw mechanism is used to disp lace the 
tensioning blocks and secure their positions when the lace has been adequately 
tensioned. The translation mechanism is shown in Figure 4-21 . 
Lateral direction 
Figure 4-20 Final decision of tensioning method 
3. Displacement required to tension the lace 
The displacement of each tensioning block required to tension a lace section is 
dependent on several factors. The first factor is the characteristics of lace itself. 
Usually, longer displacement is needed to tension stretchy lace. The area of the lace 
section needed to be tensioned determines how far the tensioning blocks should be 
displaced as well. The bigger the area, the longer the required displacement. However, 
some tension can be applied on lace while the lace is being attached on the tensioning 
blocks, which can reduce the required displacement. A 250mm long rail on which the 
tensioning block slides is considered long enough to satisfy the requirements. 
The fmal detailed design of the intermediate tensioning rig is shown in Figure 4-21 and 
the manufactured rig with lace attached on it is shown in Figure 4-22. 
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Tensioning block 
40mm 
Manually operated 
lead crew mechanism 
Rail 
180mm 
Figure 4-21 Detailed design of the intermediate tensioning rig 
Figure 4-22 The intermediate tensioning rig with lace 
94 
hapter 4 
200mm 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 4 
4.3 Lace Cutting Strategy 
Inspecting lace purls under the microscope reveals that a purl of perfect quality can be 
produced only when its loop thread is adequately tensioned and cut off accurately by the 
pulsed laser beam, as discussed in section 4.1. After the intermediate tensioning rig has 
been designed and manufactured, it is possible to further observe how lace behaves during 
the lace cutting process. As the loop thread is the key to producing high quality purls, the 
observation will be focused on how the status of a loop thread changes. 
In this section, a series of lace cutting experiments will be carried out, during which lace 
is tensioned by the intermediate tensioning rig and cut by the pulsed laser system. The 
structure and status of lace, especially loop threads, before and after each thread laser 
cutting event will be tracked and compared. Based on the observations of the lace changes 
during the lace cutting process, a lace cutting strategy will be proposed, aimed at helping 
to produce high quality lace. 
4.3.1 Lace cutting with the intermediate tensioning rig 
As the loop thread of a purl is so tiny that it can only be clearly observed under the 
microscope, the system resolution of the pulsed laser cutting system has to be increased. 
The distance between the lace and the camera is then reduced until the loop thread status 
can be clearly observed. The system resolution is increased from 30 pixels per mm to be 
around 80 pixels per mm, with the field of view (FOV) consequently reduced from 
27mmx18mm to about 10mmx7mm. The depth offield (DOF) of the camera system also 
decreases as the object distance is reduced. The DOF deficiency is then compensated by 
reducing the aperture value, which however degrades the quality of the captured images, 
making the image processing algorithms of the pulsed laser cutting system incompetent to 
process them to find cutting points automatically. As the main purpose of these 
experiments is to observe how lace changes after each cutting operation, cutting the lace 
manually with the pulsed laser beam seems more appropriate. However, the high 
resolution camera selected for developing the machine vision system during this project 
has successfully solved the problem as described in Chapter 5. 
The findings based on the observations during the manual laser cutting process are 
summarised as follows. 
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4.3.1.1 Lace reactions to tension change 
Due to lace 's complex structure and flexible characteristics, lace changes its shape 
dramatically after each cutting. When a thread is cut off, it usually shrinks back and the 
tension previously applied on it will be distributed to its neighbouring threads. As the 
tension redistribution process puts more tension on the neighbouring threads, they are 
usually better tensioned. As shown in Figure 4-23, after the middle thread is cut, more 
tension is applied on its neighbouring threads 1 and 2. The loop thread connected with the 
neighbouring thread 2 is also exposed. 
Neighbouring thread 2 
Thread being cut 
Neighbouring thread] 
Neighbouring thread 2 
Neighbouring thread 1 
Loop thread 
Figure 4-23 Lace changes after a thread is cut off 
Two conclusions can be deduced from observing the lace change described above. 
1. A thread can be better tensioned by cutting off its neighbouring threads first 
If the neighbouring threads of a selected thread are all cut off, the applied tension can be 
concentrated on the selected thread so that it can be better tensioned. 
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2. Progressive thread tensioning 
As the status of a thread always changes after each adjacent cutting, trying to adequately 
tension all threads within a lace section is unnecessary. If a thread can be ensured to be 
adequately tensioned just before it is cut by the pulsed laser beam, there is no need to 
tension other threads. Therefore, by adequately tensioning only one thread at a time and 
cutting it with the pulsed laser beam, the lace can be cut progressively with a high quality 
finish. 
4.3.1.2 Loop thread observation 
According to the observations of the lace purl microstructure in section 4.1, each purl has 
a loop thread connected to it. A high quality purl can be produced if its loop thread is 
exposed and cut off by the pulsed laser beam. Since it is critically important to the 
resulting lace cutting edge quality, the status change of loop threads has been carefully 
investigated during the lace cutting experiments with the intermediate tensioning rig. 
A loop thread is usually a very tiny thread connecting a purl and some thicker connection 
threads whose other ends are usually knitted into the waste mesh. It is important to notice 
that not all connection threads of a purl are connected to the purl through the loop thread 
as shown in Figure 4-24. 
As the loop thread connects the purl and connection threads together, tension cannot be 
applied on it directly. The best way to tension and expose a loop thread is to apply tension 
on the connection thread which is directly connected to it. Depending on the type and 
pattern design of the lace, the behaviour of every loop thread is different when tension is 
applied. Lace compliance and the structure of connection threads have been identified as 
two main factors affecting the behaviour of a loop thread. 
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onnection thread 
connected to the 
loop thread "-
Loop thread -............. 
Connection thread 
not connected to 
the loop thread 
1. Lace compliance 
Figure 4-24 A purl having two connection threads 
Chapter 4 
According to the observations, the more compliant the lace is, the easier it is to expose the 
loop thread. Given the same tension, it is more difficult to expose the loop thread of a 
rigid purl than a stretchy one, resulting in stretchy lace usually having better cutting 
quality than rigid lace. This can also help to explain the result of the tension effect 
experiments described in Chapter 3 in which the tension effect on the edge quality of the 
lace of type II (stretchy) is more significant than the lace of type I (rigid) (more detail in 
section 3.3). However, for a mechanical lace cutting system, this is a totally different case. 
The mechanical lace cutting system is more capable of cutting rigid lace because stretchy 
lace can easily distort and change its shape, making it difficult to cut. 
2. The structure of the connection threads 
The other factor affecting how easily a loop thread can be tensioned and exposed is the 
structure of the connection threads connected to the loop thread. Two types of connected 
thread structures have been identified. 
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2.1 Both ends of the connection thread going through the loop thread are connected to the 
waste mesh, directly or through other threads, as shown in Figure 4-25 . As both parts 
of the connection thread can be easily tensioned, the loop thread can be adequately 
tensioned and exposed. 
Purl 
Loop thread 
One end of the connection 
thread 
The other end of the 
connection thread 
Figure 4-25 An example of a connection thread with both ends connected to the waste mesh 
2.2 Either end of the connection thread is connected to the pattern section or next purl, as 
shown in Figure 4-26. Although one end of the connection thread has been adequately 
tensioned, the other end connected to the pattern section is still in the state of 
relaxation. The loop thread of the purl is still not adequately tensioned and therefore 
not exposed. 
Purl 
The connection thread end 
connected to the waste mesh 
is tensioned 
The connection thread end 
connected to the pattern section is 
not tensioned 
Figure 4-26 A connection thread with one end connected to the next purl 
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4.3.2 Lace cutting strategy proposal 
With all the infonnation obtained from the lace cutting experiments using the intermediate 
tensioning rig, a lace cutting strategy has been conceived through a reasoning process 
shown in Figure 4-27. 
The main purpose of the lace cutting strategy is to help to produce high quality lace 
through progressively tensioning lace threads and strategically cutting connection threads 
to expose the loop thread of each purl. 
4.3.2.1 One purl at a time 
Lace edge is made up of many individual purls, each of which is connected to the waste 
mesh through one or several connection threads. To produce a high quality purl, it is 
necessary to adequately tension the connection threads connected to the loop thread so 
that the loop thread can be exposed to the pulsed laser beam. Although each purl is unique 
as it has different shape and structure, it has similar basic components in that each purl 
has only one loop thread and one or more connection threads. From this point of view, 
each purl can be isolated from other purls and treated as an independent unit during the 
lace cutting process. Only after all connection threads of a purl have been cut off will the 
next purl be processed. This also indicates that the tension control can be further focused 
on every single purl and its connection threads. If each individual purl of the lace is free 
from any laser damage, the produced lace will be of high quality. 
4.3.2.2 Cutting order of the connection threads 
Through the cutting experiments using the intennediate tensioning rig, it has been learnt 
that cutting off the neighbouring threads of a selected thread first helps to adequately 
tension the thread as the applied tension can be concentrated on the thread. In order to 
expose the loop thread of a purl, it is necessary to adequately tension the connection 
threads directly connected to the loop thread. As sometimes there are other connection 
threads which are not connected to the loop thread, it is straightforward to decide that 
these connection threads should be cut off first so that the connection threads connected to 
the loop thread can be adequately tensioned. 
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The top section of a purl is considered as the critical area as any laser damage produced in 
this section would cause lace to snarl with other fabrics and make it feel coarse, greatly 
degrading the lace quality, as shown in Figure 4-28. 
Critical section 
ofa purl 
Figure 4-28 Critical section of a purl 
The connection threads connected to the purl in the critical section should be adequately 
tensioned before being cut off by the pulsed laser beam. These connection threads are 
called primary connection threads while the connection threads connected to the bottom 
section of a purl are called secondary threads as their cutting quality result has less effect 
on the overall quality of the purl when compared to the primary connection threads. 
Careful observations of lace structure have shown that the primary connection threads of a 
purl are usually linked with the loop thread. Therefore, cutting off the secondary 
connection threads will help to adequately tension the primary connection threads, which 
consequently helps to expose the loop thread. 
A good example is shown in from Figure 4-29 to Figure 4-31. The selected purl shown in 
Figure 4-29 has two connection threads, with the loop thread not exposed. According to 
the analysis above, the connection thread 1 is considered secondary as it is connected to 
the bottom section of the purl and should be cut first. Then as shown in Figure 4-30, the 
secondary connection thread has been cut off. Without any more tension applied, the 
primary connection thread is better tensioned and the loop thread is therefore exposed. By 
directing the pulsed laser beam on the exposed loop thread, the purl after being cut is 
shown in Figure 4-31. 
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Selected purl A 
Figure 4-29 A purl with two connection tllreads 
Selected purl A 
Figure 4-30 A purl with secondary connection thread being cut off 
Chapter 4 
Primary connection 
thread 2 
Secondary 
connection thread 1 
Primary connection 
thread 2 
Loop thread 
Firstly cutting off the secondary connection threads which are connected to the bottom 
section of a purl not only helps to tension the primary connection threads as discussed 
above, but also helps to solve the problems encountered when the loop thread can hardly 
be exposed due to the structure of the connection threads. As shown in Figure 4-32, due to 
the structure of the connection threads, although the connection thread 1 has been 
adequately tensioned, the connection thread 2 is still in the state of relaxation, leading to 
the failure of exposing the loop thread. According to the connection thread cutting order 
determination theory, the connection thread 2 is cut off first as it is connected to the 
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bottom section of the purl. Then the remaining of the connection thread 2 is pulled 
through the loop thread by the connection thread I and the purl after being cut is shown in 
Figure 4-33. There is even no need to cut the loop thread. 
Purl A 
Figure 4-31 Cutting result 
Connection thread 1 
Purl A 
Connection thre:ld 2 
Cutting point 
Figure 4-32 A purl with two connection thread 
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Purl A 
Figure 4-33 Cutting result 
4.3.2.3 Lace cutting strategy flowchart 
When the proposed lace cutting strategy is applied during the lace cutting process, the 
cutting process can be represented as in Figure 4-34. 
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Pre-tension the lace 
Take an image of the lace 
(high resolution) 
Isolate the first uncut purl 
(One purl at a time) 
Applying the image processing 
algorithms to detect all cutting 
points of the isolated purl 
Classify these connection threads and 
determine the order how these 
connection threads should be cut 
Cut off all secondary 
connection threads one by one 
z 
o 
Tension adjustment 
Yes 
Chapter 4 
Direct the pulsed laser beam 
onto the loop thread to cut it 
I 
Next purl 
Figure 4-34 Lace cutting process with the lace cutting strategy 
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4.4 Summary and Discussion 
In this chapter, the microstructure of the lace purls has been investigated under thc 
microscope, based on which, exposing the loop thread of a purl has been identified as the 
key to producing a high quality purl. The inspection of purl microstructure also helps to 
explain the conclusion that applying tension can improve lace cutting edge quality as 
described in Chapter 3. 
The design process of the intermediate tensioning rig has been presented. The manually 
operated tensioning rig is capable of tensioning a small lace section with four tensioning 
blocks. A series of lace cutting experiments have been conducted with the intermediate 
tensioning rig, during which how lace, in particular the loop thread changes after each 
laser cutting has been carefully observed. Then a lace cutting strategy is proposed, aimed 
at helping to expose loop threads through tensioning and cutting connection threads 
strategically according to the lace structure. 
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5 Machine Vision System Development 
In order to automatically implement the lace cutting strategy proposed in Chapter 4, a 
machine vision system is desired. The system should be capable of automatically isolating 
each purl, detecting all thread cutting points of the isolated purl and determining the 
cutting order of all these cutting points. 
This chapter is divided into two parts. In the first part, the selection process of each 
component making up the machine vision system will be presented, including camera, 
lens, illumination and etc. Then in the second part, the development of the image 
processmg algorithms designed to realise automatic strategic lace cutting will be 
described. 
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5.1 Machine Vision System 
Machine vision techniques are being employed in various industries. Depending on each 
specific application, a machine vision system can take different forms . However, the basic 
components making up a machine vision system are similar and a typical machine vision 
system is illustrated in Figure 5-1. 
Image Processing System (with software) 
Image Acquisition 
Hardware 
Illumination --... (j,." 
.-------------, \\ ..... ,::.' .. , .. , 
Manufacturing process \ 
control systems: Robots, 
PLC, etc. 
Object 
Figure 5-1 A typical industrial machine vision system 
Camera with 
lens 
The light reflected from the object is focused through the lens system onto the image 
sensor inside the camera. The electrical signal from the camera is then converted into a 
format suitable for further processing by the image acquisition hardware, usually a frame 
grabber. After appropriate image processing algorithms are implemented in the main 
processor, the results can be displayed or used to control other instruments, such as an 
industrial robot. 
For each component of a machine VISion system, there are usually several options 
available in the commercial markets. The selection process of each component for the 
machine vision system for this project will be presented in the following sections. 
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5.1.1 Camera selection 
The purpose of a camera is to acqUIre an image projected onto the sensor inside the 
camera and convert it into a fonn that can be transferred to another device for display, 
storage or analysis. Due to the development of the Charge Coupled Device (CCD), 
camera technology has been advanced greatly over the last decade. 
There are two main types of cameras to select for building a machine vision system: area 
scan camera and line scan camera. The sensor of an area scan camera occupies an area 
rather than a single line which is the case with a line scan camera. To image an object, a 
line scan camera requires relative movement between the object and the camera, and 
usually the object is moved under a stationary camera. With the signal generated from the 
object handling system, one line of image is built up at a time. Acquiring successive lines 
at a fixed interval and storing them into a memory can generate a two-dimensional image 
of a moving object. On the other hand, no relative camera to object movement is required 
for an area scan camera which scans an area at a time to produce a two-dimensional image. 
The advantages and disadvantages of area scan and line scan cameras are listed in Table 
5-1. 
Camera type Advantages Disadvantages 
Area scan • Cost effectiveness. • Relatively low resolution. 
• Simple to use • Limited speed. 
• Poor perfonnance for imaging moving objects. 
Line scan • High resolution (up to • High cost. 
12,000 pixels/line). • Complicated to use. 
• High relative camera to • An object handling system is usually required to 
sample speeds. provide relative movement and timing signal. 
Table 5-1 Area scan VS line scan 
The imaging sensor of a camera can be made from two different technologies: CCD 
(Charge Coupled Device) and CMOS (Complementary Metal Oxide Semiconductor), 
with each having unique strengths and weaknesses. Both types of imaging sensor convert 
light into electric charge and then process it into electronic signals. In a CCD sensor, the 
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charge of each pixel is transferred through a limited number of output nodes (often just 
one) to be converted to voltage, buffered, and sent off-chip as an analogue signal. In a 
CMOS sensor, each pixel has its own charge-to-voltage conversion. It often also includes 
amplifiers, noise-correction, and digitization circuits, and the chip outputs digital bits. The 
difference in transfer method and chip structure has resulted in perfonnance difference 
between CCD and CMOS as presented in Table 5-2. 
Sensor type Advantages Disadvantages 
CCD • Higher image quality • Relatively high system complexity 
• Relatively simple sensor design • Relatively slower 
• High fill factor* 
CMOS • Lower power dissipation • Lower uniformity 
• Higher circuit integration • Complex design 
• Low fi II factor* 
.. 
*FIll factor IS the percentage of the pIxel area WhICh IS actually sensItIve to lIght relatIve 
to the whole pixel area of the sensor 
Table 5-2 CCD VS CMOS 
However, there is no clear line dividing the types of applications each can serve as CMOS 
designers have devoted intense effort to achieving high image quality, and CCD designers 
have reduced the power requirements and pixel sizes. CCD and CMOS will remain 
complementary, with the choice depending on the application more than the technology. 
The image acquisition hardware is used to convert the output signal of a camera into a 
suitable form for further processing and transfer it to the memory of the image processing 
system. The output from a camera can take the form of analogue or digital depending on 
whether the camera contains an ADC and associated circuitry. In the case of an analogue 
camera, a frame grabber is normally used to digitise the analogue signal using the ADC it 
contains. A frame grabber often has other functions, such as frame triggers, exposure 
control, va, buffer or embedded pre-processing functions, such as flat-field correction, 
image arithmetic or convolution filters, which helps to save time for the host processor. 
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When it comes to a digital camera, the ADC inside the camera digitises the analogue 
signal directly and outputs a digital signal which maybe in a variety of different forms. 
Digitising an analogue signal directly overcomes the noise deficiency of an analogue 
camera, resulting in high fidelity. The transfer of data from a digital camera to the image 
processing system can be handled using a number of different technologies. An overview 
of the most common interfaces is presented in Table 5-3. 
Parallel Camera Link USB IEEE-1394 Gigabit Digital (FireWire) Ethernet 
Transfer Asynchronous Asynchronous 
Dedicated Dedicated Dedicated Type IIsochronous IIsochronous 
Max. No. of 
1 1 
Devices 
127 63 (16 cameras) Unlimited 
Operational 
<10m <10m <5m <4.5m <100m 
Distance 
PCI PCI 
PCI Interface PCI Interface PCI Interface 
PC Interface Framegrabber Framegrabber 
Card Card Card 
Card Card 
Max 
Hardware 
Bandwidth <900 <60 <800 <80 
(Mb/sec) 
dependent 
Table 5-3 Digital camera interface methods 
With the advent of the interface available on standard PC systems, USB and FireWire 
compatible cameras have become a cost effective solution to building a low cost machine 
vision system as no frame grabber is needed. Camera Link is a new concept for digital 
camera interfacing that enables higher data transfer speeds using fewer wires with 
standardised connectors, cabling and data protocols. The development of Gigabit Ethernet 
(GigE) makes it possible for cameras to communicate and transfer data using standard 
network technology, which enables machine vision systems to benefit from the flexibility 
and cost saving as the communication standard is in widespread use. Setting up complex 
topologies that support mUltiple cameras is also feasible with the Gigabit Ethernet 
technology. Another advantage of Gigabit Ethernet interfacing technology is the length of 
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cabling can be as long as up to 100 meters without the need for regeneration, enabling 
cameras to be situated at greater distances. 
The object to be imaged in this project is lace, which is normally transported continuously 
through the cutting process. As discussed above, the best choice to image a fast moving 
web-like object is a line scan camera. However, as the main focus of this project is to 
investigate the image processing algorithms to assist strategic lace cutting, an area scan 
camera would be more appropriate. In addition, at the initial stage of this project, the lace 
to be cut will be stationary when it is imaged and cut. After an image of the lace is 
captured, the results of implementing different image processing algorithms can be seen 
immediately. It is speculated that a line scan camera can easily replace the area scan 
camera once image processing algorithms have been proven to be appropriate. The 
alternative to a line scan camera for capturing images of fast moving objects is a high 
speed area scan camera, such as Phantom V9.0, which is able to capture 1,000 images per 
second at a resolution of l600x1200 pixels. By setting the exposure time down to 2 micro 
seconds, image blur can be avoided. However, accordingly, this kind of high speed 
camera is extraordinarily expensive in current commercial market (more than £20,000). 
The Sony SSC-M370CE camera works with a Coreco Viper Quad frame grabber to 
output images with a resolution of 768X576 at 8 bits per pixel. The camera is capable of 
capturing lace images of good quality for the image processing system to extract cutting 
path and then cutting points when the camera system resolution is about 30 pixels per 
millimetre, as described in [2]. According to the cutting experiments described in Chapter 
4, a loop thread cannot be clearly recognised until the camera system resolution is 
adjusted to be about 100 pixels per millimetre. Although the Sony camera is still able to 
produce images at this high resolution of 100 pixels per millimetre, the image quality is so 
poor that the developed image processing algorithms fail to find the cutting path and 
cutting points automatically. In addition, the field of view (FOY) of the camera system 
consequently decreases to be 7.68mm x 5.76mm, which is not big enough for the machine 
vision system as the lace section to be cut will be moved to align with the laser beam and 
then could be out of the field of view when some tension is applied on the lace. 
Based on the discussion and reasoning above, a monochrome camera from PixeLlNK has 
been selected for the project. This PL-A 741 camera has a resolution of 1280 x 1024 pixels, 
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providing a field of view of 12.8mm x IO.24mm at a camera system resolution of 100 
pixels per millimetre. This digital camera has a CMOS imager and data from the camera 
is transferred to the computer over a standard, inexpensive FireWire adapter and cable, 
which eliminates the need of a separate frame grabber, thus reducing the system 
complexity and cost. The camera provides high flexibility in that shutter, gain, brightness, 
frame rate and trigger mode are all configurable. In addition, the camera has extended 
functionality including additional trigger modes, general purpose outputs that can be used 
as communications lines or strobe signals for lighting or motion controllers, on-board 
user-programmable lookup table (LUT), on-board non-volatile memory for camera 
configuration, and camera configuration descriptors for rapid changes to camera settings 
between frames. Combined with the global shutter, all these functions enable the camera 
to be used as a line-scan camera for low-speed applications, which would be useful for 
this project when it is developed to the later stage. 
5.1.2 Lens selection 
The purpose of a lens is to focus the light reflected from the object to be imaged to the 
image sensor inside the camera. It is important to match the quality of the lens to the rest 
of a machine vision system. A high quality mega-pixel camera can be compromised by 
using a low quality lens. When choosing a suitable lens, it is necessary to consider several 
basic aspects of the machine vision system. 
1. Field of View (FOV) 
The FOV of a machine VISIon system is invariably the most important factor to be 
considered. For this project, although the FOV required is not precisely known at this 
stage, it is expected that the larger the FOV, the better for the imaging system to keep the 
purl to be cut always within the FOV when tension is changed during the lace cutting 
process. As the system resolution is required to be about 100 pixels/mm to image the loop 
thread ofa purl, the FOV of the imaging system is expected to be about 12mm x IOmm. 
2. Camera sensor and pixel size 
The chosen PL-A 741 camera has a resolution of 1280 x 1024 pixels. The physical 
imaging sensor size is 2/3" which is equivalent to 8.8mmx6.6mm. In order to illuminate 
the whole area of the imaging sensor, the size of a lens is usually required to be larger 
than, or at least equal to the size of the imaging sensor. All images through a lens suffer 
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from intensity variation from the centre to the edge of the image, which is known as the 
vignetting effect. The effects of vignetting can be reduced by using a larger format lens, 
thereby taking the effect outside the range of the sensor, as shown in Figure 5-2. 
Therefore, the desirable lens for this project would be larger than or equal to 2/3". 
Lens 
Camera sensor 
Figure 5-2 Effect of vignetting 
When selecting a lens for a camera, it is necessary to ensure that the lens is capable of 
resolving down to the individual pixels of the camera sensor. Pixel size varies widely 
from camera to camera, depending on the resolution of the sensor and its size. The ize of 
each pixel pitch of the imaging sensor of the PL-A 741 camera is 6.7~m . 
3. Working distance 
Due to the space constraints, a large offset is required for imaging the lace. An offset of 
300 mm ensures that no part of the lens will interfere with the laser optics and other 
components. 
4. Depth of field (DOF) 
Depth of field (DOF) is the amount of distance between the nearest and furthest objects 
that appear in acceptably sharp focus in an image. A few factors have a direct relationship 
with the depth of field, including aperture, focal length and object distance. As lace is 
very thin when compared to its width and length, and is kept flat when it is imaged, depth 
of field of 1 mm is considered to be enough for imaging the lace. 
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Based on the information and analysis above, several parameters of the desired lens can 
be determined. 
1. Focallength 
The focal length of the required lens can be calculated as [97]: 
Focal Length = 
Working Distance x Size of Image 
Size of Object + Size ofImage 
As the size of object and working distance cannot be exactly determined, the focal length 
is roughly calculated with the values of working distance and size of object being 300mm 
and 12mm respectively. 
Focal Length = 
300mm x Ilmm 
12mm + I1mm 
~ 143mm 
A zoom lens whose focal length can be adjustable around 143mm is desirable as the 
working distance of the machine vision system needs to be varied so that images with 
different resolutions can be obtained for various experiments. 
2. Magnification 
As the camera sensor size is 8.8mmx6.6mm and the desirable field of view (FOV) is 
about 12mmX 1 Omm, the lens should have a magnification factor of: [97] 
Image Size 8.8 
Magnification = = -- ~O.7 
Object Size 12 
When the system resolution of the imaging system is increased, the field of view (FOY) 
will be decreased, and therefore the magnification factor will increase. A lens with a 
magnification factor of up to 1 would be suitable for this project. 
The chosen lens is a zoom macro lens which has a focal length of 90mm to 230mm and 
offers magnification up to 1 :4.5. The f number of the lens system ranges between f4.5 and 
£22. 
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As mentioned above, in order to avoid any interference between the lens system and other 
components, the working distance of the lens should be at least 300mm. With the chosen 
lens, the least image distance can be calculated as follows [97]. 
Object Distance x Focal Length = 300x90 
Image Distance = ------------
Object Distance - Focal Length 300-90 
~ 129mm 
It is obvious that an extension tube is required to increase the distance between the camera 
sensor and the lens as the image distance of a standard C-Mount camera is only 17.526 
mm. A bellows has been selected which offers a maximum of 150 mm extension between 
the camera and the lens. The combination of the lens, bellows and camera is shown in 
Figure 5-3. 
Lace Position 
1 
At least 
300mm 
Macro rom Lens Bellows 
1 
Figure 5-3 The imaging system 
Camera 
1 
PL-A741 
The highest system resolution can be achieved when the lens is closest to the lace sample, 
resulting in the smallest field of view (FOV). Theoretically, with the least working 
distance of 300 mm established, the system resolution could be as high as 150 pixels/mm. 
With the selected imaging system, the desired system resolution of 100 pixels/mm can be 
easily achieved. 
When designing an imaging system, another important factor needed to be considered is 
the resolution limit of the lens, which results from the diffraction effect around the 
aperture of the lens. The resolution limit of a lens determines the smallest point it is able 
to resolve. The resolution limit of a lens can be calculated according to the Lord Raleigh 
Criterion as follows [98]. 
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Z = 1.22A(f#)m 
Where: Z=Minimum resolution 
A =Wavelength of illumination light 
f#= F-number of the lens 
Chapter 5 
As the light source used for the machine vision system has a wavelength of 620 nm, the 
resolution limit of the selected lens can be calculated to be 16.6 !lm when the F number is 
set to be f22. The pixel pitch of the PL-A 7 41 camera has a size of 6.7 !lm, which is much 
smaller than the resolution limit of the lens. This means that the camera will be losing 
details when using the f22 aperture stop on the lens. However, the smallest threads of lace 
are approximately 100 !lm, which is much bigger than the resolution limit of the lens. In 
terms of imaging lace, the chosen lens is good enough for resolving the smallest lace 
details. In addition, the f number of the lens aperture can be increased to be f4.5, where 
the resolution limit is increased to be 3.4 !lm, smaller than the pixel pitch size. 
5.1.3 Illumination 
Illumination is the most critical part of a machine vision system. As cameras are far less 
versatile than human eyes, light conditions often need to be optimised for a camera to 
image an object which human eyes can well see in uncontrolled conditions. With 
inappropriate illumination, a simple machine vision task would become difficult or even 
impossible to be achieved. On the other hand, careful consideration can eliminate the need 
of expensive software or hardware to enhance the image as well as reduce complexity of 
feature detection and extraction, leading to the reduction in both cost and processing time. 
5.1.3.1 Light source type 
Choosing an appropriate type of light source is the first step of designing an illumination 
system. There are several types of light sources available in the current commercial 
market, with each type having its respective advantages and disadvantages. 
• Fluorescent illumination 
Although fluorescent tubes are commonly used for domestic purpose, their use in machine 
vision applications is limited due to the lack of variety in shape and size. Fluorescent 
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tubes cannot be strobed. Furthermore, they are powered by AC and therefore introduces 
flickers, which however can be reduced by high frequency switching. 
• Fibre Optic Illumination 
The basic idea of fibre optic illumination is to harness the intensity of a light source. The 
light is guided and focused through an optical fibre Iightguide and into a light adaptor 
positioned close to the object. Due to the increasing transmission loss per meter, it is not 
practical to use fibre optic lightguides in excess of 5 meters. 
• LED illumination 
LEOs (Light Emitting Diodes) are becoming a popular solution for more and more 
machine vision applications due to its low cost and long service life. As LEOs are 
powered by DC power supplies, no flicker is present, thus providing constant and stahle 
illumination. Although LEDs are available in a variety of different colours, the most 
common colour for LEDs is red. Red LEDs are most widely used and therefore the 
cheapest. The disadvantage of LEDs is that the light intensity they are able to provide is 
not considered to be as high as the fibre optic illumination. 
• Laser illumination 
Laser illumination is normally used in structured lighting applications, such as 
measurements, 3D inspection and equipment alignment. In these applications, narrow and 
sharp lines are required with minimal background illumination. The unique properties of a 
laser make it the best choice for these applications. The advantages and disadvantages of 
these light sources are summarised in Table 5-4. 
Determining the illumination light source for a machine vision system is dependent on 
specific applications, such as a monochrome or colour application, a high speed or low 
speed application. For a monochrome application where the images are captured by a 
monochrome camera, the colour of the illumination is considered to be unimportant if the 
object is monochrome as well. However, if the object is not monochrome, the 
illumination colour will affect the intensity distribution of the resulting image. For 
example, the red part of the object appears to be lighter in the captured images when 
illuminated by a light source of red colour than by a light source of blue colour. For a high 
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speed application, a strobe controller is usually required to flash the light source to 
'freeze' the fast moving object to avoid any blur. 
Light Advantages Disadvantages Applications 
source type 
Fibre optic • High intensity • Short service life High speed applications 
• Low heat output • Low design 
flexibi lity 
FI uorescent • Low cost • Short service life Limited for special applications 
LED 
Laser 
• Good brightness • Inherent flicker 
• Can not be strobed 
• Can not be intensity 
controlled 
• Low cost • Relatively low Nearly suitable for all machine 
• Low power consumption intensity vision applications 
• Fast response 
• Stable over time 
• Long service life 
• High intensity • Fails to illuminate Applications requiring 
• Monochromatic large areas structured illumination 
• Coherent 
Table 5-4 Illumination light sources 
At the early stage of this project, as the lace will be stationary when it is imaged, no strobe 
controller is required. Stability and cost effectiveness are considered to be the priority, 
which makes the LED light source the first choice for the project. In addition, an LED 
light source usually has a small physical size, which makes it more appropriate as the 
space is very limited. 
5.1.3.2 Illumination techniques 
There are several standard illumination techniques used for various machine vision tasks, 
ranging from simple ones like top lighting to relatively complex structured illumination 
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such as on-axis illumination. The choice of illumination techniques depends on specific 
applications and it is closely related to the object properties, object shapes and so on. 
Several standard illumination techniques have been investigated to illuminate the lace and 
the test results are reported here. 
The first illumination method investigated is the top lighting technique. The light is 
diffused through the diffuser, which makes the illumination less intense but more uniform. 
As the lace used in this project is white (more different colours in practice), the black 
background has provided a good contrast. The illumination arrangement is shown in 
Figure 5-4 and the resulting lace image is shown in Figure 5-5. This illumination method 
does not cause any shadows and is good at revealing the surface details of the lace, but 
fails to differentiate the thick lace pattern section and the thin waste mesh, making it 
difficult to detect the interconnection points where connection threads intersect with the 
purl. 
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Figure 5-4 Top lighting illumination 
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Figure 5-5 Lace image with top lighting illumination 
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Another illumination method is the back lighting technique. As the lace is not transparent, 
it appears to be black in the captured images when compared to the white background. 
The illumination arrangement is shown in Figure 5-6 and the captured lace image is 
shown in Figure 5-7. With this illumination method, the captured image is nearly binary 
and the silhouette of the lace can be well viewed. This illumination method was employed 
in the early Loughborough lace scalloping system [6]. However, like the top lighting 
illumination method, this illumination method is not able to highlight the difference 
between the lace pattern section and the waste mesh. 
The last illumination method is called transmissive dark field illumination. The 
illumination method works by projecting a cone of light from the ring light below the lace 
and allowing this to illuminate the lower surface of the lace. Because of the thickness 
variation across the lace surface as the purl is usually thicker than a thread, the intensity of 
the light transmitted through the lace is not uniform. The illumination arrangement is 
shown in Figure 5-8 and the typical captured image is shown in Figure 5-9. This method 
is good at emphasising the variation between the purl and its connection threads. 
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Figure 5-7 Lace image with back lighting illumination 
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This illumination method was developed and used by Bamforth in [2] and detailed 
description of the development and optimisation process of the ring light has been 
reported. The captured images of the lace illuminated with this illumination method have 
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provided a good basis for the successful detection of the cutting path and the cutting 
points where connection threads intersect with the purl. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I , 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
Figure 5-8 Transmissive Dark Field Illumination 
Figure 5-9 Lace image with Transmissive Dark Field lIlumination 
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For this project, the main purpose of building the machine vIsion system IS to 
automatically detect the cutting points of a purl, classify these cutting points according to 
their position, and then guide the pulsed laser beam to cut off the connection threads. The 
transmissive dark field illumination method is adopted for this project because the work 
presented in [2] has shown that the illumination method is capable of facilitating cutting 
points detection. The manufactured ring light is shown in Figure 5-10, which is composed 
of 60 LED's. The ring light is able to provide constant light of a high intensity. 
Figure 5-10 The manufactured ring light (Bamforth 2003) 
Figure 5-11 has shown the captured image illuminated with the TDF method and the 
corresponding histogram. The histogram shows four peaks, each of which corresponds to 
a part of the image. The first peak, whose value is 41, corresponds to the dark background. 
The second and third peaks at 102 and 132 are corresponding to the gray lace pattern 
section. The final peak at 255 is produced by the thin threads of the lace. 
The histogram has clearly shown that the lace pattern section can be easily separated from 
the other parts of the lace by applying a simple duel level threshold . The threshold values 
can be calculated by analysing the peaks and troughs within the histogram. 
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Figure 5-] 1 TDF illumination image and histogram (Bam forth, 2003) 
5.1.4 Processing hardware selection 
For many machine vision applications, a PC based system is a cost effective solution and 
is capable of providing reasonable processing power. But for applications which demand 
higher processing speeds, DSP or FPGA devices would be more appropriate. In addition 
to being able to do processing in real time, DSP and FPGA devices are usually small and 
portable, making them ideal for the application where space is very constrained . 
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Another option for the processing system is a smart camera. A smart camera is a self-
contained machine vision system, usually including image capture circuitry, a processor 
to extract information from images without the need of an external processing unit, and 
communication interfaces, such as Ethernet and VO lines, for connection to other devices. 
This architecture has the advantage of a more compact volume compared to PC-based 
vision systems and often costs less. Although often used for simpler applications, modem 
smart cameras can rival PC based systems in terms of processing power and 
functionalities. Having a dedicated processor in each unit, smart cameras are especially 
suited for applications where several cameras must operate independently and often 
asynchronously, or when distributed vision is required. 
The general comparison between PC based vision systems and smart camera systems is 
presented in Table 5-5. 
PC based Smart camera 
Flexibility Excellent Poor 
Size Multi-box system All-in-one system 
Ruggedness Poor Excellent 
Functionality Expendable Limited 
Performance Expendable Limited 
Ease of use Needs computer skills No computer skills needed 
Cost Relatively high Relatively low 
Table S-S PC based vision system VS smart camera system 
If an image processing algorithm has been developed and proven to be successful for a 
certain application, a smart camera system would be more appropriate by programming 
the algorithm into the processor of the system. The stand-alone smart camera system 
dedicates all the processing power to processing images and is free from any timing issues 
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which are usually present in a PC based system. However, in order to test different image 
processing algorithms, a system having more flexibility and extendibility is preferred. 
From this point of view, a PC has been selected for this project. 
5.1.5 Processing software selection 
In Chapter 3, the test work for image processing utilised WiT software. This software had 
been used on the previous research in this area. Machine vision software is developing 
very quickly. In the past, the capabilities of machine vision software were limited by the 
hardware speeds of PC systems. With the dramatic advance in personal computer 
technology, machine vision software is becoming more advanced, flexible and robust. It is 
useful to investigate the currently available machine vision software. 
• Software Development Kits 
Software Development Kits (SDK) are low level libraries of image processmg 
functions aimed at these developers who are looking to develop their own applications. 
An SDK usually takes a form of API (Application Programme Interface) or DLLs. 
With a SDK, the developers have complete control over the development of image 
processing systems, which offers great flexibility of developing different image 
processing algorithms for each specific application. However, on the other hand, this 
will invariably require longer system development time. Typical software includes 
Sapera Processing provided by Dalsa Coreco and Common Vision Blox developed by 
Stemmer Imaging. 
• Interactive GUI 
With these software packages, it is possible to develop a machine vision application 
without the need to write any code. This type of software provides a graphical 
environment for the users who can combine different image processing algorithms to 
build more complex ones and is able to see the processing results interactively. In 
addition to the standard functions provided with the software, new functions can be 
built using standard programming tools, such as Microsoft C++. WiT, Sherlock and 
CVB iTuition are all this type of software available in the current market. 
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• Application Software 
Several types of off the shelf application software are available. The software is 
targeted at specific tasks such as recording video sequence (Stream Pix), simple 
control and image acquisition (Fire-i software). It requires no programming and 
minimal configuration and is ideal for the well defined applications, but has very 
limited flexibility. 
Using SDK software for this project will provide the greatest flexibility and all the 
required functionalities, but could be time-consuming. On the other hand, the established 
application software is not powerful enough to meet all the image processIng 
requirements although it is easy to use. Interactive GUI based software is a good 
compromise by providing a library of standard image processing functions, which are 
easy to use and therefore save time, and the flexibility of building new functions for 
particular tasks. 
The chosen software for the project is WiT [99], which is a graphical programming 
environment for developing image processing and analysis applications. Standard image 
processing functions are presented in the form of blocks which can be connected together 
via links. Applications are created by building block diagrams with point-and-cIick 
simplicity, which makes it a flexible and rapid prototyping tool. The interface to 
Microsoft Visual C++ allows the development of custom algorithms for demanding 
applications. Figure 5-12 shows a typical application where the edges of the circles in the 
original image have been detected by the Sobel filter. 
Within the environment of Visual Basic or Microsoft Visual C++, custom GUls can be 
created with the ActiveX Controls or WiT DLLs provided by the WiT Engine using 
algorithms designed in WiT to perform the image processing and analysis tasks. 
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Figure 5-12 An example of WiT environment 
130 
Chapter 5 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 5 
5.2 Image Processing Algorithms Development 
Due to the complex structure and inherent flexibility of lace, developing image processing 
algorithms for processing lace images to get desired information is a difficult task. 
Various methods of processing lace images have been developed and applied in many 
applications, such as for lace quality inspection and lace cutting path detection. All these 
methods worked relatively well and have proven that machine vision techniques are a 
useful and feasible tool for lace related applications. 
According to the lace cutting strategy proposed in Chapter 4, lace should be cut by 
processing each individual purl one by one. For each purl, the connection threads will be 
cut strategically according to their positions relative to the top of the purl. Not unti I all the 
connection threads of a purl have been cut will the next purl be processed. To achieve the 
automation of the proposed lace cutting strategy with the machine vision system, the main 
tasks of developing the image processing algorithms can be summarised as follows. 
1. Purl isolation 
2. Cutting point detection for each purl 
3. Cutting points classification 
5.2.1 Purl isolation 
A lace edge consists of many individual purls, each of which is connected to the waste 
mesh through connection threads, as shown in Figure 5-13. To automatically isolate a purl 
together with all its connection threads from others is difficult to achieve as lace can be 
easily distorted and has a complex structure. 
To successfully extract a purl subimage from the original lace image, some information 
regarding the purl itself is required. In addition to the purl size, the position of the purl 
within the original image must also be established. However, neither the purl size nor the 
purl position can be easily obtained. Particularly, as each purl has different shape and size, 
it is not possible to find an appropriate value to define the size of all the purls of a lace 
sample. If the value is too big, the possibility exists that the extracted subimage contains 
some part of the neighbouring purl and the connection threads which are not connected to 
the purl of interest. On the other hand, the extracted image may miss some part of the purl 
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if the value is too small. In both cases, the extracted sub image fails to isolate the purl 
together with its connection threads. 
The position of a purl can be determined by finding its top or centre and its size can be 
defined by its height and width. Two methods have been identified to detect the position 
and determine the size of a purl. The first method is based on the template matching 
technique, with the second one relying on the lace edge structure analysis. 
Connection thread 
Purl 
Figure 5-13 Purls with connection threads 
5.2.1.1 Template matching method 
The template matching technique involves comparing a template image stored in memory 
with the target image captured by a camera. The images are compared by moving the 
smaller template image over the other and calculating a correlation sum for each position 
in the image. The correlation sum can be calculated in several ways. The best matching 
position of the template image relative to the target image can be determined by finding 
the maximum or minimum value of the resulting correlation value. 
The method of isolating individual purl based on template matching technique works by 
first creating a database of the template images of every purl and then compari ng these 
template images in turn with the lace image captured by the camera to determine the 
position of each purl in the image. The volume of the template image database depends on 
how many purls a lace repeat contains. The purls in the same position of the lace repeat 
are considered as the same and therefore share one template. Therefore, if there are 14 
132 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 5 
purls in a lace repeat, the template database will be composed of 14 purl template images. 
In order to increase the processing speed, it is important to ensure that the template 
images have the same resolution as the lace image to be compared. Figure 5-14 has shown 
a purl template example. 
Figure 5-14 A purl template example 
The advantage of using this template matching technique based method is that the 
subimage of a purl together with its connection threads can be directly obtained once the 
matching is established without the need of determining the purl size. On the other hand, 
this method is time consuming and initial experiments have shown that it takes 1.02 
seconds to find the matching position of a purl template based on the P running at 800 
MHz. The time could become longer if there is no matching between the purl template 
image and the original lace image. If the original lace image contains 3 purls and the purl 
template database have 14 purl template images, it will take unacceptably long time to 
find the matching and isolate each purl sub image by comparing each template image with 
the original lace image. In addition, as the purl shape changes due to the varied tension 
applied on the lace, there are no definitive purl shape cases. At a detailed level , the 
number of the purl templates is infinite, which means the template matching method is 
clearly not suitable. 
5.2.1.2 Lace edge based method 
A purl can be approximately defined by three characteristic points, the top and the two 
troughs, as shown in Figure 5-15. By locating the positions of these three points, the purl 
position and size can be determined and therefore the sub image of the purl can be defined 
and extracted from the original lace image. As shown in Figure 5-16, the purl together 
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with its connection threads has been manually extracted from the original image. The 
subimage extraction range is bigger than the purl boundary so that the connection threads 
can be well included in the extracted subimage. 
Purl top 
xtraction boundar, 
Purl troughs 
Figure 5-15 Rough definition of a purl 
Figure 5-16 The isolated purl with its connection threads 
As shown in Figure 5-17, the lace edge provides all the information needed to locate the 
tops and troughs of all the purls within the image. Therefore, detecting the lace edge 
becomes the first step of isolating each individual purl. 
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Lace edge 
Figure 5-17 Lace edge contains all tops and troughs 
5.2.1.2.1 Lace edge detection 
In previous research on lace cutting, lace edge detection methods have been well studied 
and reported [2, 3]. The lace edge is considered to be the cutting path along which a laser 
beam is applied to cut off the waste mesh. The two most successful lace edge detection 
methods that have been developed and applied involve the use of cross-correlation and 
edge tracking algorithms. 
• Cross correlation method 
The cross correlation method has been studied and applied in [3] , which is based on 
the template matching algorithm. The method involves comparing two images, one 
reference image (contains one lace repeat) in which the lace edge has been defined 
manually and the image in which the lace edge needs to be determined . Once the 
relative position of these two images has been ascertained, the lace edge can be 
determined by recalling the position of the stored lace edge in the reference image. 
The method works well to locate the lace edge and is able to tolerate some lace 
distortion. However, in this project, as the system resolution of the machine vision 
system is about 100 pixels per millimetre, the camera can only view a small lace 
section of approximately 12mm x 10mm. Therefore, it is impossible to capture an 
image containing a whole lace repeat, which is usually 40 mm long or more. The 
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system limitation makes the cross correlation method not appropriate for this project 
in which each individual thread needs to be targeted and cut. 
• Edge tracking method 
Edge tracking method does not rely on any prior knowledge and therefore is adaptable 
and robust. Successful applications can be found in [32, 33] where lace cutting path is 
determined based on processing the lace image with appropriate edge detection 
algorithms. In [2], with the aid of the transmissive lighting method, the captured 
image can be divided into three parts, background, thin threads and thick lace pattern 
sections. Using the dual level threshold, the resulting binary image only contains the 
thick pattern sections, from which the lace edge can be detected. 
However, compared to the machine vision system developed in [2], the system resolution 
has increased to 100 pixels per millimetre and field of view (Fay) reduced to 
approximately 12x I 0 mm. Consequently, the lace images captured by these two systems 
present large difference. Applying the image processing algorithms developed in [2] 
directly to process the high resolution lace images fails to detect the lace edge. Based on 
the similar method as presented in [2] with extensive experiments and research, the newly 
developed image processing algorithms are able to detect the lace edge within the high 
resolution lace images successfully. Figure 5-18 has shown several typical images which 
are generated throughout the process of detecting the lace edge. More processed images 
can be found in Appendix 12.3. 
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Step 1 Original image 
Step 3 Low-pass filtered image 
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Step 5 Selected edge Step 6 Final result 
Figu re 5-18 Lace edge detection process 
By using the dual level threshold, the original lace image can be converted into a binary 
image with all thin threads thresholded to be black (step 2). The remnants of the threads 
can be further cleared by applying a median filter and then a low-pass smoothing filter 
(step 3). Then a obel edge detector is used to detect all edges within the image (step 4). 
Among these edges, only one edge is the lace edge, based on which the purls can be 
separated and isolated. Based on the rule that the width of the lace edge is equal to that of 
the image and the lace edge is located uppermost (or down most depends on the 
orientation of the lace image), the desired lace edge can be correctly selected from thes 
edges (step 5). The image in step 6 shows the original image with the detected lace edge 
superimposed. 
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Figure 5-19 Automatically detected lace edge 
Figure 5-19 shows the lace image with the automatically detected lace edge. It is noticed 
that the detected lace edge does not exactly follow and therefore deviate from the "true" 
lace edge at some points, for example, point A. This is because the lace edge has loose 
threads around itself which makes the lace edge not being clearly defined . During the 
process of detecting the lace edge using image processing techniques as shown in Figure 
5-18, the low-pass filter (step 3 in Figure 5-18) used to smooth out lace thread remnants 
from the thresholded image has an effect of blurring the lace edge, which makes it even 
more difficult to locate the "true" lace edge. However, for the purpose of identifying the 
tops and troughs of the purls, the inaccuracy caused by the deviation is acceptable. 
5.2.1.2.2 Purl top and trough detection 
On the lace edge, the tops and troughs of the purls within the lace image can be 
considered as local maxima and minima in terms of their positions in the x or y direction. 
For example, as shown in Figure 5-20, the tops are local minima in the y direction while 
troughs are local maxima. 
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y 
Figure 5-20 The lace edge with tops and troughs 
To automatically detect the top and troughs of each purl, the lace edge is converted from a 
continuous line into a series of points with a built-in operator of WiT. By finding the local 
maxima and minima of all these points in the y direction, the corresponding tops and 
troughs can be found as shown in Figure 5-21. It is important to select appropriate vicinity 
value to suppress multiple peaks in close proximity. The best value could be found by 
investigating the average distance between the tops of two purls in the image. 
o.-----------------------------------------------~~ 
y 
Figure 5-21 Lace edge with detected tops and trough 
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From Figure 5-21, it is noticed that the two neighbouring purls have one common trough, 
resulting in partial overlap between the two extracted subimages, for example, purl I and 
purl 2 shown in Figure 5-21. This overlap ensures that the cutting result of the lace section 
between two purls can be double checked to avoid any threads left uncut. 
Compared with the previous template matching technique based method, this lace edge 
based method is obviously more robust and reliable without the need of any prior 
knowledge. More importantly, it is able to accommodate large lace distortion caused by 
the tension variation. 
5.2.1.3 First uncut purl determination 
According to the lace cutting strategy proposed in Chapter 4, lace should be cut by 
processing the purls one by one. To start the cutting process, it is necessary to identify the 
first uncut purl and then cut it before moving on to the next purl of the lace. The lace 
image, captured by the current camera with the resolution of 100 pixels/mm, usually 
contains about 4 to 5 purls. If all these purls are uncut, it would be easy to determine that 
the first uncut purl is the one in the first position from left to right or vice versa depending 
on the lace orientation. However, the lace image usually includes one or two previously 
cut purls in order that the first uncut purl is well positioned within the image, but 
obviously this makes the task of determining the first uncut purl difficult. 
As shown in Figure 5-22, the image contains totally 5 purls and all their tops have been 
identified automatically. The first purl in the image (from right to left) has been cut and 
the first uncut purl is located in the second place. If the purl that has been cut could be 
excluded from the image when the lace is set up for cutting, the first uncut purl would be 
in the first position in the image (from right to left). Then the process of determining the 
first uncut purl becomes as easy as selecting the first purl in the image. However, during 
the lace cutting process, as the lace is moved and transported, one or more purls that have 
been cut could possibly be included in the captured image. In addition, including a cut 
purl in the image can ensure that all connection threads of the first uncut purl are well 
within the image. Therefore, the method of excluding the cut purl from the image is 
neither adaptable nor reliable. 
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Figure 5-22 Lace image with uncut and cut purls 
Another possible solution to identifying the first uncut purl is to find th first cutting point, 
which refers to the cutting point in the first place in x or y direction, depending on the lace 
orientation. As the first cutting point is where the first uncut thread intersects with the 
waste mesh or a purl , the purl whose top is closest to the first cutting point is con idered 
as the first uncut purl. 
In Figure 5-23 , the first cutting point is in the rightmost position as indicated. The purl on 
the left side of the first cutting point is an uncut purl and the one on the right side a cut 
purl. The first uncut purl is determined by comparing the distance in x direction between 
the first cutting point and the top of both purls, that i x 1 and x2 . As x I is les than x2 , the 
purl on the left side of the first cutting point is considered a the first uncut purl , as shown 
in Figure 5-23. 
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Figure 5-23 First cutting point and the first uncut purl 
In order to identify the first uncut purl , finding the cutting points and selecting the first 
cutting point become prerequisite. 
5.2.1.3.1 Lace cutting point detection 
A cutting point is the position where a connection thread intersects with the pur\. An edge 
directed thread targeting algorithm has been developed in [2] to detect the cutting points. 
Figure 5-24 has shown the major steps of the cutting point detection algorithm. The 
algorithm works by generating two images from the original lace image. The first image 
(image A) is the lace edge image produced with the method described in section 5.2.1.2.1. 
After being single-level thresholded into a binary image (image B), the ori ginal lace 
image is then split into two halves by subtracting image A from image B. The resulting 
image (image D) is divided into two major parts along the lace edge and only contains the 
thin lace threads. After appropriate filtering is applied to eliminate the unnecessary 
threads, the image is then ANDed with the lace edge image (image C) to generate an 
image of just the portion of the threads that crosses the lace edge (image E). The centroid 
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of each thread portion is considered to be the cutting point. Image F has shown the 
original image with all detected cutting points. More processed images can be found in 
Appendix 12.4. 
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Image D: B-A 
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Figure 5-24 Lace cutting point detection 
The cutting point located in the first instance (the rightmost one in the case of Figure 5-25) 
is considered as the first cutting point and the purl whose top is closest to the first cutting 
point is determined to be the first uncut purl. 
lrst cutting point 
Figure 5-25 First cutting point and the first uncut purl 
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5.2.1.3.2 Subsequent uncut purl determination 
Once the first uncut purl is identified, the process of identifying the subsequent uncut purl 
becomes simpler. The position of the identified first uncut purl is stored in memory and 
then recalled to identify the next uncut purl after it has been cut. Of the remaining purls, 
the one which is closest to the first uncut purl is considered as the next purl to cut and 
similarly its position is also stored and then recalled to identify the next one. In this way, 
the purls of the lace can be identified and cut one by one efficiently. In the case that the 
lace is moved or transported during the cutting process, the stored purl position needs to 
be offset by the distance that the lace is displaced. 
5.2.1.4 Purl suhimage extraction 
With the top and two troughs located, the subimage of a purl can be extracted from the 
original lace image. To ensure that the extracted purl subimage contains all the connection 
threads connected to the purl while avoiding to include the connection threads connected 
to the neighbouring purls, it is important to decide an appropriate extraction range. After 
detailed observation of the lace structure, the left boundary of the extraction range is 
determined by finding the middle line between the left trough and the next purl top. 
Similarly, the right boundary is the middle line between the right trough and the 
neighbouring purl top. The top and bottom boundaries are dependent on the location of 
the purl top and the lowest trough. An example to show the boundary of extracting the 
first uncut purl is shown in Figure 5-26 and the extracted subimage is shown in Figure 
5-27. 
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Figure 5-26 Purl extraction range determination 
5.2.1.5 Purl isolation summary 
Extraction 
boundary 
Figure 5-27 The extracled purl subimage 
Based on the concept that a purl can be well defined by its three characteri tic points, that 
is, the top and two troughs, the purl subimage can be extracted from the original lace 
imaging by locating these three points. The method based on detecting the lace edge has 
proven to be effective for identifying the tops and troughs of the purls within the lace 
image. The purl closest to the first cutting point is considered as the first uncut purl. The 
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identification of the subsequent uncut purls can be much faster gIven the position 
information of the first uncut purl. The purl isolation process is summarised in Figure 
5-28. 
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5.2.2 Purl subimage processing 
The first step of processing the purl subimage extracted from the originallace image is to 
detect all the cutting points. Then these cutting points will be classified as primary or 
secondary cutting point according to their positions relative to the purl top. Different 
cutting strategy will be used to process these cutting points according to their importance. 
5.2.2.1 Cutting points detection 
The technique used to detect the cutting points within a purl subimage is the same as used 
for cutting points detection described in section 5.2.1.3.1. As the subimage is much 
smaller than the original lace image, and contains only one purl together with its 
connection threads, the process of detecting the cutting points is much faster. Figure 5-29 
shows a sub image including the detected cutting points. Red spots have been placed over 
the cutting points as the original spots to indicate the cutting points generated by the WiT 
software are too faint (same technique is used where cutting points indicators generated 
by WiT are too faint). 
Figure 5-29 Subimage with the detected cutting points 
5.2.2.1.1 Cutting point offset 
With the cutting point detection technique described above, the detected cutting point is 
located on the interface between the connection thread and the purl. If the laser beam is 
applied to cut the thread, half of the laser will melt the purl causing undesirable laser 
damage. Therefore, it is necessary to offset the actual cutting point away by a specific 
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distance along the thread. A process of dilation is used to offset the position of the cutting 
point, which is reported in [2]. The process is redescribed here to aid the reader. 
Cutting points are located by detecting the intersection between the lace edge and the 
threads as described in section 5.2.1.3.1. By dilating the lace edge, the detected cutting 
points can be offset by an amount dictated by the level of the dilation chosen. Figure 5-30 
shows two lace edges, with edge 2 offset from edge 1. Accordingly, the detected cutting 
points are offset as shown in Figure 5-31. 
Figure 5-30 Lace edge dilation 
Figure 5-31 Cutting point on et 
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5.2.2.2 Cutting points classification 
According to the cutting strategy proposed in Chapter 4, classifying the detected cutting 
points of a purl and cutting them with different strategy have two purposes. firstly, as the 
secondary threads (the connection threads which intersects with the purl at an secondary 
cutting point is referred to as secondary threads) can be cut directly without checking the 
tension applied on it, the cutting process becomes simple and time effective. Secondly, 
cutting off the secondary threads first can help to well tension the remaining primary 
threads, thus helping to improve the resulting cutting edge quality. 
The perpendicular distance from a cutting point to the bottom line of a purl is termed as 
the height of the cutting point. The bottom line is formed by connecting the two troughs 
of the purl as shown in Figure 5-32. Obviously the height of a cutting point can well 
indicate how far the cutting point is away from the purl top. The greater the height of a 
cutting point, the closer it is to the purl top. However, no cutting point has a height greater 
than the purl height, which refers to the perpendicular distance from the purl top to the 
bottom line as shown in Figure 5-32. 
Purl 
Bottom line 
Figure 5-32 The height of a purl 
The height ratio obtained by dividing the height of a cutting point by the purl height can 
be used to classify the cutting point. If the height ratio of a cutting point is greater than a 
preset value, which is called importance criterion, then the cutting point is classified as a 
primary cutting point. Similarly, a cutting point will be classified as a secondary cutting 
point if its height ratio is less than the importance criterion. 
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For example, as shown in Figure 5-33 , totally six cutting points have been detected. The 
purl height and the height of each cutting point are li sted in Table 5-6. 
Figure 5-33 Cutting points class ification 
Cutting point No. Cutting point height Purl height Hcight ratio (pixcls) (pixels) 
1 228 231 0.98 
2 48 23 1 0.21 
3 120 23 1 0.52 
4 32 23 1 0.14 
5 45 23 1 0.19 
6 41 23 1 0.18 
Table 5-6 Cuttmg point height and purl height 
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Depending on the importance criterion, the importance of a cutting point can be different. 
When the importance criteria is set to be 0.10 in the above example, all six cutting points 
are considered to be primary. However, only cutting point 1 is classified as primary 
cutting point if the importance criterion is 0.90. The selection of the importance criterion 
relies on the quality requirement, lace structure and operator's experience. Usually, setting 
the importance criterion to be 0.8 would be appropriate for most lace structure and it will 
well distinguish the connection threads connected to the top of a purl from others. 
If the importance criterion is set properly, all the cutting points classified as secondary are 
usually located in the lower part of a purl and their cutting result has no direct effect on 
the overall cutting quality of the purl. Therefore, all secondary connection threads can be 
cut directly without checking and controlling the tension applied on them. On the other 
hand, a primary connection thread is usually connected to the top section of the purl and 
its cutting result has detenninant effect on the overall quality of the purl. The tension 
applied on an important connection thread must be checked before the connection thread 
is cut by the pulsed laser. The algorithm of controlling the tension applied on a primary 
thread will be described in detail together with the final lace handling test rig in Chapter 6. 
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5.3 Image Processing Performance 
The image processing algorithms described so far is implemented on an Intel Pentium III 
800 MHz based PC. The overall processing time to identify the tirst cutting point is about 
1.91 seconds. The time required for each major step is shown in Figure 5-34. The original 
lace image covers an area of 1280 x 1024 pixels which is equal to a field of view of 
approximately 13mm x lOmm. Depending on the size of the purl, the subimage of an 
isolated purl is approximately 350 x 350 pixels. 
First uncut purl extraction 1316 ms 
~--------------------------------------~ I I 534 ms 
I 1 
Image capture 
1 1 
L Lace edge First cutting Subimage of the 1 i detection ---. point detection ~ first uncut purl If 
1 1 
1 I  _______________________________________ 1 
,-------------------------, 
1 I 
I 1 
+ Cutting paints ---. Cutting paints Ll-I detection classification I I ~ 
I 1'--_____ ---1 1 
I 1 L _________________________ _ 
Subimage processing 57 ms 
First point to cut 
Figure 5-34 Processing time required for each major step 
Since cutting a connection thread causes other threads to change the shape and location, it 
is necessary to relocate the cutting point after each thread is cut. It takes approximately 
1.91 (534ms+1316ms+57ms=1.91 seconds in Figure 5-34) seconds to detect the cutting 
point at the first time, but the time required to detect the subsequent cutting point 
decreases to 1.75 seconds after the position information of the first uncut purl has been 
obtained as discussed in section 5.2.1.3.2 and shown in Figure 5-28. At this stage, the 
processing performance fails to meet the industrial requirement of cutting lace at speeds 
up to 1 mis, but it can be improved in several ways. It is noticed that the time taken to 
capture the lace image is 534 milliseconds, which can be improved by using a faster 
camera. Replacing the PC with a DSP is the other way to increase the processing speed. 
More detail regarding improving the machine vision system is presented in section 10.1. 
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5.4 Machine Vision Summary 
In this chapter, the development process of an automated machine VISIon system to 
implement the proposed lace cutting strategy has been demonstrated. 
In the first part, the selection process of the major components to build the machine vision 
system has been described, with the reasoning and calculation behind the choice presented. 
Then, in the second part of this chapter, the image processing algorithms to automatically 
isolate purls, extract purl subimages and then classify the detected cutting points within a 
purl subimage have been developed. Although the underlying principles to detect the lace 
edge and cutting points where connection threads intersect with purls are similar to those 
presented in [2], the developed image processing algorithms are largely different due to 
the difference present in the lace images to be processed. The newly developed image 
processing algorithms in this project have been able to process high resolution lace 
images with accuracy improved and better results achieved. 
157 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 6 
6 Test Facility Development 
To test the cutting strategy and the developed image processing algorithms described in 
Chapter 4 and Chapter 5, a test facility is needed which is able to automatically transport 
lace and tension it down to the individual purl level. After adequate tension is applied, 
when necessary, the thread of the lace purl needs to be automatically targeted and cut with 
the pulsed laser. 
By modifying and updating the previous pulsed laser cutting system [2]. the development 
of the system used to capture lace images, position and cut lace threads using the pulsed 
laser will be described first. Then the focus of this chapter will shift to the design and 
development of an automatic lace tensioning and transport rig as the intermediate lace 
tensioning rig described in section 4.2 lacks the ability of automation. 
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6.1 Deve/oped Cutting System 
The developed system is essentially composed of three separate subsystems under the 
control of a host PC, including laser subsystem, image capturing subsystem and lace 
positioning subsystem. A schematic view of the system is shown in Figure 6-1. 
Camera & Lens 
Shutler 
Laser I lead 
--I 
Lace Sample 
Light Source 
~~ \.7 I 
Fume Extractor 
Drive Mechanism 
...-----/-----, 
Figure 6-1 Schematic view of the lace cutting system (Bamforth 2003) 
The whole working area is enclosed in a solid enclosure with polycarbonate viewing 
panels. The purpose of the enclosure is to prevent the access to the running motors and the 
laser beam and also prevent the fumes generated from lace cutting from escaping into the 
workplace. Each subsystem will be briefly described as follows. 
6.1.1 Laser subsystem 
The heart part of the laser subsystem is a 275W Melles-Griot (05-CRF-2400) carbon 
dioxide laser, which is of the sealed tube radio frequency (RF) pumped type. The laser 
beam is 8 mm in diameter with a TEMoO (Gaussian) profile and has a wavelength of 10.6 
11m, making it invisible to human eyes. The laser can be run in two different modes, 
continuous wave mode (CW) or pulsed mode with pulses down to 100 f.lS in duration at a 
rate of 750 Hz. The laser tubes are supplied with an RF excitation signal from two power 
supplies which are controlled by a laser power control module. A chiller unit is used to 
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remove the heat from the laser head due to the inefficiency of the laser system. The 
schematic view of the laser subsystem is shown in Figure 6-2. 
, , 
, , 
Laser path I 
~ 
Laser Head 
... J Power controller Safety Laser on 
Interlock signal (TTL) 
Controller 
~ Laser power 
';j ~ 
c: u supplies OJ) 0 
.- ~ 
't: 
"'....l §~ ~ :: 
lj'-' ... 
~ 8 
....l Cl 
Chiller unit 
Figure 6-2 Laser subsystem 
For the safety purpose, the TTL signal to tum on the laser, which comes from the host pc, 
is intercepted by the Safety Interlock Controller. Not until the controller has confimled 
that it is safe to fire the laser, will the laser on signal be passed to the laser power 
controller. The laser beam outputted from the laser head is expended by a standard beam 
expender (V &S Scientific Model SBE/30) and then focused with a zinc-selanide (ZnSe) 
lens. The lens is fixed on a micrometer stage so that it can be moved up and down to 
focus the laser beam. 
Based on the laser and the laser focus optics characteristics, it has been calculate that the 
laser subsystem gives a diffraction limited spot size of 0.242 mm and an approximate 
depth of focus of 2.38 mm [2]. The laser spot size is small enough to cut each individual 
lace thread and the depth of focus is deep enough for cutting lace which is usually 0.75 
mm thick. 
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6.1.2 Image capturing subsystem 
The image capturing subsystem is used to acquire lace images and the major components 
include a camera, a lens and a light source. The selection process of these components has 
been reported in section 5.1. Ideally the camera would be mounted so that the imaging 
axis is perpendicular to the lace sample. However, due to the space limit and the fact that 
the laser optics is also required to be perpendicular to the lace, the imaging axis of the 
image capturing subsystem is modified to have a slight angle relative to the laser axis, as 
shown in Figure 6-3. The angle between the imaging axis and the laser optics axis is 14 
degrees. 
\ 
\ 
~J 
Figure 6-3 Image capturing subsystem 
This arrangement will cause a certain degree of geometric distortion of the resulting 
images. Only the centre of the lace will be in true focus and the top and bottom section of 
the lace will be always slightly out of focus. As discussed in section 5.1, the field of view 
(FOV) of the imaging system is approximately 13mm x 10mm, so the distance of the top 
and bottom section ofthe lace away from the focus can be calculated as follows. 
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Figure 6-4 Calculation of the degree of out of focus 
Chapter 6 
Suppose that the object distance X is 400 mm, and the middle part of the lace is in focus, 
the distance between the lens and the top and bottom part of the lace, Xl and X2 can be 
calculated respectively. 
Xl =.J X 2 + 52 - 2 x 5 x X x cos 76 0 = 398.83mm (1.17 mm out of focus) 
X2 = .J X 2 + 52 - 2 x 5 x X x cos 1 04 0 = 401.23mm (1.23 mm out of focus) 
As the imaging system has a depth of focus as large as 8 rom, much larger than 1.17 mm 
and 1.23 mm, the effect of this arrangement can be well eliminated, which ensures that all 
the lace within the fie ld of view is in focus at any time. 
6.1.3 Lace positioning subsystem 
The lace positioning subsystem is used to move the lace sample until the lace cutting 
point, where the laser beam is expected to hit, is aligned with the laser beam spot within a 
preset accuracy. The subsystem is composed of three drives, two stepper motors driven 
stages each with 50 mm of travel and a servo motor driven stage with 350 mm of travel. 
Three drive motors provide two-axis movement (x, y axis), with one of the stepper motors 
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(x axis motor) being co-linear with the servo motor. This configuration allows the x, y 
stepper motors to be moved along the servo axis beyond the basic 50 mm of travel 
available with the stepper drive and therefore the lace sample can be moved within an 
area of350 mm by 50 mm. The layout of the drives is shown in Figure 6-5 . 
Z 
III ~ 
+ 
Figure 6-5 Lace positioning drives (Top view) 
Each motor is connected to a drive unit, which can be controlled manually or via a Pc. 
Each axis is controlled using 2 bits of data, with the first bit controlling the direction and 
the second one controlling the state ofthe drive, 0 for off and 1 for on. Both drive systems 
are interlocked to the door interlock switches and to the emergency stop button. Limit 
switches are used to protect the drives from crashing when they exceed a safe position. 
The speed of each drive is controlled manually via a potentiometer on the front panel of 
the drive units and cannot be adjusted automatically through the PC. 
The system works by first calibrating the position of the laser spot and the speed of each 
drive. After having received the coordinates of the cutting point which is obtained from 
the image processing system (see chapter 5), the lace positioning subsystem calculates the 
distance between the cutting point and the laser spot. If the distance is less than a 
predefined accuracy, the laser is fired and the thread will be cut. If the distance is too 
larger, the on-time duration of each drive is calculated with the distance and the speed of 
each drive. Before the drives are turned on, a sub image is extracted from the main image 
of the target and stored in memory. Then the drives are switched on to move the lace for 
the calculated duration. Once the drives stop, a template matching algorit1un is used to 
locate the target image within the image from the camera. Once the position of the target 
is obtained again, its coordinates are compared to those of the laser spot. Then the laser is 
either fired to cut the thread if the distance is within the predefined accuracy or another 
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iteration is carried out until the target is well aligned with the laser spot. This 
unconventional position feedback algorithm based on image data acquired directly from 
the camera has an average positioning error of 49.7 Ilm at a resolution of 32 pixels/mm 
[2]. The accuracy is acceptable for the lace cutting as the laser spot itself is 242 Ilm in 
diameter and therefore the maximum error the system could generate is wel1 within the 
size of the laser spot. 
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6.2 Automatic Lace Tensioning and Transport Rig 
The essential functions of an automatic lace tensioning and transport rig arc applying 
localised tension and transporting lace continuously. The research regarding maintaining 
constant tension for web material processing has been widely reported [76-78, 51]. 
Although the developed methods involving dancer systems, speed controllers and torque 
controllers have been successfully applied in continuous web processing applications, 
they are not appropriate for applying and controlling localised tension on a lace section as 
small as 10mm x 10mm. 
6.2.1 Design specification 
The desired lace tensioning and transport rig should be able to transport lace continuously 
and apply localised tension to progressively tension each purl at the same time. The 
transport speed needs to reach 1 mls to satisfy industry requirements. A closed loop 
control is desired to control the applied tension so that each purl is adequately tensioned 
before the pulsed laser cutting is executed. 
6.2.1.1 Space limitations 
To reduce the risk of any harmful radiation from the laser cutting operation, the lace 
transport and tensioning rig will be installed within the cabinet shown in Figure 6-1. 
Within the cabinet, a x-y sample stage driven by two stepper motors and one servo motor 
has been installed, on which the transport and tensioning rig will be mounted. The optics 
and transmission tube system of the laser system further reduces the space available. To 
ensure that the rig will fit in well, it is necessary to measure and determine the space 
available. 
The dimensions of the cabinet have been measured and the side and top view has shown 
the space limitations for the lace transport and tensioning rig, as shown in Figure 6-6 and 
Figure 6-7 respectively. 
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From Figure 6-6 and Figure 6-7, the maximum dimensions of the ri g can be determ i ned as 
follows (the sample stage is 127 mm square). 
Max Length=A + B + sample stage = 140+30+ 127=297 mm 
Max Height=C=31 0 mm 
Max Width= E + F + Sample stage=180+150+127=457 mm 
6.2.1.2 Lace width 
Lace width must be taken into consideration when designing the rig to transport lace. It is 
necessary to ensure that the lace transport and tensioning rig is able to accommodate all 
types of lace. The width of all the lace available in the laboratory have been measured and 
summarised in Table 6-1. 
Dimensions Minimum Maximum 
Waste Mesh 20mm 30mm 
Lace Pattern 80mm 210mm 
Total 100mm 240 111m 
Table 6-1 Lace width 
In addition, as the light source needs to be placed properly underneath the lace sample to 
provide illumination for the imaging system, enough space must be ensured for the light 
source, which is 130mm x 130mm. 
6.2.2 Concept design 
According to the specifications of the rig design, the lace transport and tensioning rig can 
be split into two parts: transport subsystem and tensioning subsystem. The design 
processes of these two parts are described separately as follows. 
6.2.2.1 Transport subsystem 
To facilitate the lace cutting operation, lace is required to be kept flat when it is 
transported, free from any snagging or wrinkle. The early lace transport and tensioning rig 
described in section 3.2 has proven that a roller system is a suitable solution to 
transporting lace. Other alternatives, such as utilising a movable bed on which the lace is 
placed, are not appropriate as any object placed between lace and the light source will 
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affect the illumination and therefore the quality of the captured Images. The benefit 
obtained from using a roller system is the ease to apply and control longitudinal tension. 
In the early transport and tensioning rig (section 3.2), the longitudinal tension is applied 
by applying some amount of torque on the feed roller. With this method, although the 
applied longitudinal tension can be roughly maintained constant, it cannot be adjusted and 
controlled automatically during the lace cutting process. 
By placing and transporting the lace between two pairs of rollers driven independently by 
two motors, the applied longitudinal tension can be varied by changing the relative speed 
of these two pairs of rollers. 
Roller pair 1 Roller pair 2 
Lace 
Figure 6-8 Two pairs of rollers and longitudinal tension 
As shown in Figure 6-8, the longitudinal tension can be varied as follows. 
• Maintain the longitudinal tension, keep Vl=V2 
• Increase the longitudinal tension, make VI> V2 (increase V 1 or decrease V2) 
• Decrease the longitudinal tension, make VI <V2 (decrease V 1 or increase V2) 
The overall arrangement of the roller system is shown in Figure 6-9. An adjustable clutch 
is fitted with the drive roller. The purpose of the clutch is to ensure that the maximum 
longitudinal tension that will break the lace cannot be reached. It works by allowing the 
motor to rotate while keeping the roller stationary when the preset tension is reached. By 
presetting the tension value of this clutch to be the desired longitudinal tension and 
keeping the drive rollers running faster than the feed rollers, the clutch can help to 
maintain and control the longitudinal tension as well. Similarly, another adjustable clutch 
is installed with the take-up roller to avoid lace breakage between the drive rollers and the 
take-up rollers. 
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Chapter 6 
Source roller 
Idle roller 
Feed roller driven by 
a motor 
Figure 6-9 Overall arrangement of the roller system 
6.2.2.2 Tensioning subsystem 
Not only is the described roller system able to transport lace continuously, it is also 
capable of applying and controlling longitudinal tension without stopping the lace as 
described in section 6.2.2.1. However, based on the observations of the previous 
experiments, only applying longitudinal tension cannot adequately tension the lace and 
more tension of another type is required. 
6.2.2.2.1 Waste mesh tensioning system 
The results obtained from the early experiments with the intermediate tensioning rig have 
suggested that lace purls can be adequately tensioned by applying localised tension 
divergently. With the intermediate tensioning rig, the lace is attached on four tensioning 
aluminium blocks and then tensioned by displacing the tensioning blocks (see section 4.2). 
As shown in Figure 6-10, in addition to the longitudinal tension appl ied by the roller 
system, it is straightforward to decide that another type of tension is required to apply on 
the waste mesh in order to adequately tension the lace. 
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Lace pattern 
Waste mesh 
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1111111111111111111 Longitudinal tension 
Figure 6-10 Lace with longitudinal tension applied by the roller system 
The tension required to apply on the waste mesh is referred to as the combination tension 
as it can be considered as the combination of the lateral and the longitudinal tension 
applied on the waste mesh. Together with the longitudinal tension applied by the 
transportation roller system, the lace can be adequately tensioned if the combination 
tension is applied and controlled appropriately. 
The combination tension needs to be varied in both its direction and magnitude, which 
can be achieved in several ways. For example, a clamp can be used to clamp the waste 
mesh and then stretch and rotate it to apply and vary the tension. However, any method of 
applying and varying the combination tension which requires stopping the lace fails to 
meet the design requirement of continuous transportation and tensioning. As used for the 
transport subsystem, a roller system is capable of applying and varying tension without 
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stopping lace transportation. Therefore, similarly another pair of rollers is used to 
transport the waste mesh and apply tension, as shown in Figure 6-11. 
r r r r r r r r r r r r r r Longitudinal tension 
Drive roller jll~~· Combination tension 
Feed roller 
1111111111111111111 Longitudinal tension 
Figure 6-11 Lace transport and tensioning system 
A pair of rollers are usually installed between two frames and driven by a motor through a 
pulley-belt system, as shown in Figure 6-12. Bearings are usually installed at the both 
ends of the roller, allowing it free to rotate. This structure is easy to design and 
manufacture and appropriate for the transport roller system. However, unlike the transport 
roller system which could be fixed, the waste mesh tensioning roller system has to be 
moved in order that the applied tension can be adjusted. Using the typical roller structure 
described above poses a problem that the frame of the waste mesh tensioning roller 
system could collide with the lace transport roller system during the lace cutting process. 
Moreover, the closer the waste mesh tensioning rollers are placed to a purl , the more 
effectively it can tension the purl. The waste mesh tensioning rollers will not fit in the 
small space between the waster mesh and the lace pattern if it is oversized. 
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Figure 6-12 A typical roller structure 
Based on the discussion above, a modified roller system has been designed as shown in 
Figure 6-13. Using only one frame effectively reduces the overall size, making it more 
compact. One potential problem with this structure is that any force applied 
perpendicularly to the roller axis will bend the roller. However, it has been fu lly verified 
that it is safe to tension the waste mesh considering that the maximum tension wi ll not 
exceed 20 Newton and the roller length is no longer than 30 mm (widest waste mesh). 
Motor 
Figure 6-13 A roller system with one support frame 
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Figure 6-14 Calculation of the maximum torque 
As shown in Figure 6-14, the maximum toque that the applied tension acts on the roller is 
T = F x S = 20 x 0.015 = 3N. m. As long as proper material is chosen to manufacture the 
rollers, the roller system is fully capable of withstanding the calculated torque. 
Similar to the longitudinal tension control with the lace transport roller system, the 
tension applied on the waste mesh can be controlled through coordinating the roller 
speeds as well. As shown in Figure 6-15, the magnitude of the tension applied on the 
waste mesh can be varied as follows. 
• Maintain the tension, keep VI=V2 
• Increase the tension, make VI>V2 (increase VI or decrease V2) 
• Decrease the tension, make VI <V2 (decrease VI or increase V2) 
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Waste mesh roller 
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Figure 6-15 Tension control through controlling the roller speed 
The direction of the tension applied on the waste mesh can be changed by translating or 
rotating the whole roller structure. The results obtained from the experiment with the 
intermediate tensioning rig (see section 4.2) have proven that the translation method is 
effective yet simpler than the rotation method. A lead screw system has been selected to 
translate the whole roller pair to change the direction of the applied tension. 
It is essential to ensure that the waste mesh is perpendicular to the roller when it is 
transported through the roller. Any misalignment will cause skewness and eventually 
jamming. It would be much more convenient for the operator if the roller structure can be 
freely rotated during the setting up process and then locked in the position, ready for 
further operation, as shown in Figure 6-16. 
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After rotation 
Waste mesh 
Waste mesh 
Figure 6-16 Roller adjustment mechanism (top view) 
This rotation movement can also be achieved through a pulley-belt mechanism driven by 
a motor. However, this would greatly increase the cost and complicate the whole system 
structure. As the space is limited, a simpler mechanism capable of satisfying the 
requirements is preferred. In this case, an insert bearing is considered appropriate, into 
which the whole roller structure can be installed. 
The whole structure of the waste mesh tensioning system is shown in Figure 6-17. 
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Lead screw mechanism 
Waste mesh 
Motor 
Figure 6-17 Waste mesh tenSioning system 
6.2.2.2.2 Micro tensioning system 
With the transport and the waste mesh tensioning systems described above, two types of 
tension can be applied on the lace as shown in Figure 6-18. In order to concentrate the 
tension on a small lace section, these rollers should be placed closely to each other. 
However, to allow the light source to be placed properly underneath the lace, the two 
pairs of transport rollers (drive roller and feed roller) need to be at least 300 mm apart 
considering that the size of light source is I30mm x 130mm. Due to its inherent flexible 
property, the lace between the roller pairs is pulled away from its original position by the 
lateral component force of the combination tension applied by the waste mesh tensioning 
system as shown in Figure 6-19. This can incur several problems. The first problem is that 
the purl to be tensioned cannot be tensioned effectively as the lace is dragged away along 
the direction of the lateral tension, requiring more displacement of the waste mesh and 
therefore leading to longer tensioning time. This lace deflection also causes misalignment 
of the lace relative to the transport rollers, leading to lace skewness and jamming. With a 
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field of view (FOV) as small as lOmm x lOmm, this lace deflection movement could also 
result in the purl of interest moving out of the field of view of the camera. 
Drive roller 
Feed roller 
W 
<0 
o 
§ 
r r r r r r r r r r r r r r Longitudinal tension 
Combination tension 
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !! Longitudinal tension 
Figure 6-18 Tension applied on the lace 
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ombination tension 
Lace deflection Lateral component force 
Figure 6-19 Lace deflection 
In order to avoid the lace deflection, the lace pattern section needs to be held in its 
position. A feasible way to hold the lace yet still allow the lace to be transported 
continuously is using a pair of rollers. It would be more effective to prevent the lace from 
deflecting by placing a number of pairs of rollers along the lace patter section, but this 
will definitely increase the design complexity and the lace will not be transported 
smoothly if any misalignment of these roller pairs is present. Since the lace section to be 
tensioned is very small (approximately 10rnmxlOmm) and at anyone time only one purl 
is required to be adequately tensioned, two pairs of small rollers placed to hold the small 
lace section would be enough. To increase the lateral friction to hold the lace but still 
allow the lace to travel through, these two pairs of rollers have been engraved with a 
screw-like pattern. Like the waste mesh tensioning roller system, only one side of these 
two pairs of micro rollers are attached to the support frames due to the space limit. The 
micro tensioning structure is shown in Figure 6-20. 
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Micro 
roller pairs 
Lace section to be tensioned 
Lace patter is hold in 
the lateral direction 
Figure 6-20 Micro tensioning structure 
6.2.3 Detailed design 
For each subsystem, a detailed design process is then carried out to specify each part after 
the concept design process is finalised. 
6.2.3.1 Transport subsystem 
The detailed design process for the transport subsystem can split into four areas, including: 
1. Sizing the rollers 
2. Selecting appropriate motors, pulleys and belts to drive the rollers 
3. Selecting suitable clutch devices 
4. Designing other structural components 
6.2.3.1.1 Rollers specification 
Based on the space available, the diameter of all the rollers has been decided to be 30 mm. 
The drive roller is used to transport the lace pattern and therefore should be longer than 
the maximum width of the lace pattern available. According to the survey result shown in 
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Table 6-1, the drive roller should be longer than 210 mm, but finally decided to be 100 
mm due to the space limit. For the same reason, the length of the feed roller has been 
decided to be 140 mm. 
Any lace whose width exceeds the size of the rollers needs to be cut with scissors to make 
it narrow enough for processing. As this rig is for the experimental purpose and the 
limitation can be easily solved if more space is available, the lack of the ability to process 
the lace wider than 140 mm can be ignored for the time being. In addition, among all the 
lace available for this project, only one type of lace cannot be processed directly due to 
the size limitation. 
It is important to secure the position of the lace being transported. Any slippage or 
skewness of lace will lead to longitudinal tension instability and transportation jamming. 
To avoid this happening, two methods have been used, aiming at increasing the friction 
force between the two rollers. 
1. Make one of tbe rollers witb belical grooves 
As shown in Figure 6-21, the helical groove on the roller is able to stretch apart both 
sides of the lace so that the lace will not shift its position between the rollers and can 
be kept flat. 
2. Put a bicycle inner tube on tbe other roller 
The bicycle inner tube will increase the friction force to prevent the lace from slipping. 
It can also help to cancel out the effect caused by the roller being out of concentricity 
due to the manufacturing inaccuracy. 
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Lace being stretched 
towards outside 
Figure 6-21 A roller with helical groove 
~--
Figure 6-22 The structure of the rollers 
hapter 6 
Roller with 
helical groove 
Roller with inner tube 
Each roller reqUIres a pair of bearings. For this project, single groove bearings are 
considered appropriate. 
6.2.3.1.2 Motor selection 
The motor selection process must be based on the required lace transport speed and the 
torque required to tension the lace. The desired lace transport speed is 1 mls or more, from 
which the required angular velocity of the motor can be calculated. 
Roller circumference = 7rD = 7r x 0.03 = 0.0942m 
. Imlsx60seconds 60m 637 ReqUIred speed of the motor = = ~ rpm 
Roller · Circumference O.0942m 
Hence an angular velocity of 637 rpm is required from the motor based on the assumption 
that the ratio between the motor and the drive pulley is 1: 1. 
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The lace elastic property experiments described in section 3.1 have shown that the 
maximum longitudinal tension required for lace cutting operation is approximately SON. 
Therefore the maximum torque required from the motor can be calculated as follows. 
Maximum torque required = N. m = 50 x 0.015 = 750mNm 
Based on these two criteria, a DC motor from Maxon Motor (Ref. 268214) has been 
selected to drive the rollers. The main parameters of the motor are shown in Table 6-2. 
Power rating (W) 60 
Nominal voltage (V) 24 
No Load Speed (rpm) 8810 
Stall Torque (mNm) 1020 
Max. Continuous Torque (mNm) 86.20 
Speed/Torque Gradient (rpmlmNm) 8.70 
Table 6-2 Main parameters of the selected motor 
The gear ratio should be decided by ensuring that the load reflected back to the motor is 
around 20% ~ 50% of the stall torque. So the gear ratio can be calculated as follows. 
G . - Max· Torque· Re quired Max· Torque· Re quired 3 6 1 5 ear ratIo - - = . - . 
20% . Stall· Torque 50% . Stall· Torque 
With an appropriate gear box, the selected motor is considered ample for the application. 
However, as the budget for this project is limited, two other DC motors taken off from an 
outdated rig have been used to drive the drive roller and the take-up roller. These two 
motors have an output torque of 600mNm and run at a speed of 23 rpm. It is obvious that 
these motors are far from meeting the speed requirement. However, the rig can be easily 
upgraded to high speed operation in the later stage of the project by replacing these low 
speed motors. At the current stage, it is more important to verify that the rig is capable of 
transporting and tensioning lace continuously. 
The final selected motors and pulleys for each pair of rollers are listed in Table 6-3. 
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Motor Pulley with Motor Pulley with Roller 
Feed roller Maxon Motor (Ref. 268214) 15 teeth 45 teeth 
Drive roller Low-speed DC motor 15 teeth 45 teeth 
Take-up roller Low-speed DC motor 25 teeth 45 teeth 
Table 6-3 Final selected motors and pulleys 
6.2.3.1.3 Clutch selection 
Two clutch devices are required for the drive roller and the take-up roller respectively. 
The purpose of installing a clutch with the drive roller is to control the applied 
longitudinal tension. The idea is that the clutch allows the pulley-belt to rotate and the 
drive roller to remain stationary when the longitudinal tension has reached the preset 
value. When more lace is transported by the feed rol1er and the longitudinal tension 
becomes less than the preset value, the clutch will lock and allow the drive roller to rotate 
to increase the longitudinal tension. Another advantage of using the clutch is that the lacc 
will not be broken by the longitudinal tension if the tension value of the clutch is set to be 
less than the lace breakage tension value. 
For a similar purpose, another clutch is needed for the take-up rol1er. The clutch helps the 
take-up roller to wind up the processed lace continuously without breaking the lace. 
An extensive research has been carried out on different types of clutches. The most 
affordable and suitable one is a two-plate manually adjustable friction clutch available 
from RS Components. The clutch selected for the drive roller has a torque range of from 
0.024 to 1.324Nm, between which the clutch can be adjusted to slip. It is expected that the 
clutch will be used in the middle of this range as the maximum longitudinal tension is 
0.75 Nm. The other clutch chosen for the take-up roller is of the same type and can be 
adjusted to slip at any torque between 0.024 Nm and 0.5 Nm. 
6.2.3.1.4 Transport subsystem integration 
The main frame of the transport subsystem is constructed from aluminium extrusions, 
which can be easily aligned and assembled, and can be reused for other rigs if this rig 
becomes obsolete. The rollers are made of nylon material by the rapid manufacturing 
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technology. Other parts including bearing brackets and motor support brackets are also 
manufactured by the rapid manufacturing technology which is time effective and cheaper. 
As the selected pulley for the drive roller has a diameter of 45 mm, bigger than the roller, 
the pulley cannot fit in between the two rollers. A frame has been specially designed 
which allows the pulley to be installed properly, as shown in Figure 6-23. To allow the 
light source to be placed between the drive rollers and the feed rollers, they are set 300 
mrn apart. The final design of the transport subsystem is shown in Figure 6-24. 
Take-up roller 
Big pulley 
Drive roller pair 
Extrusion frame 
Frame 
Figure 6-23 Drive roller system 
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Take-up roller 
DC motor 
Drive roller ource roller 
Feed roller 
DC motor 
Figure 6-24 Transport sub ystem 
6.2.3.2 Tensioning subsystem 
The detailed design process of the tensioning subsystem can be roughly divided into three 
parts as follows. 
1. Specifying the waste mesh tensioning roller system 
2. Specifying the lead screw linear system 
3. Specifying the micro tensioning system 
6.2.3.2.1 Tensioning roller system 
The structure of the tensioning roller system consists of a pair of small rollers, a motor to 
drive the rollers, and other accessories including pulleys, belts and bearings. 
The roller has been decided to be 30 mm long and 30 mm in diameter, depending on the 
waste mesh width and the space available. The roller has been specially designed so that it 
can be attached to the only support frame and free to rotate through bearings. The 
aluminium extension allows the roller pair to be easily adjusted to align with the other 
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rollers. The same DC motor as used for the transport subsystem has been selected to drive 
the rollers. The detailed design of the tensioning rollers is shown in Figure 6-25. 
Figure 6-25 Detailed design of the ten ioning roller 
6.2.3.2.2 Lead screw linear system 
The purpose of the lead screw linear system is to drive the waste mesh tensioning roller 
system to change the direction of the combination tension. Depending on the distance 
between the drive and the feed rollers of the transport subsystem, the length of the lead 
screw has been decided to be 140 nun. The selected lead screw has a crew diameter of 
6.35 nun and lead length of2 mm. The rated load which the lead screw is able to drive is 
200 N, which is more than enough to drive the waste mesh tensioning roHer system. 
When driven by the DC motor as used for the transport subsystem, the maximum linear 
speed can reach 17.6 mls. The detailed design of the lead screw system is shown in "igure 
6-26. 
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Figure 6-26 Detailed design of the lead screw system 
A self-lube insert bearing has been selected to interface the wa te mesh ten ioning roller 
system with the lead screw drive system. The bearing has a bore diameter of 20 mm and 
the maximum dynamic load it is capable of carrying is 12800 N. Th integration of the 
whole waste mesh tensioning system is shown in Figure 6-27. 
Figure 6-27 Integration of the waste mesh tensioning system 
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6.2.3.2.3 Micro tensioning system 
The micro tensioning system is composed of two pairs of small rollers used to prevent the 
lace from deflecting when tension is applied on the lace. To allow the lace to be 
continuously transported, it is essential to ensure that the lace can pass through the ro llers 
without any resistance. The diameter of the rollers has been decided to be 10 mm and the 
rollers are 80mm in length. With two bearings inserted in the slots at both ends, the roller 
is able to freely rotate around the shaft as shown in Figure 6-28. 
Figure 6-28 Micro tensioning rolIcrs 
6.2.4 Final design and manufacturing 
All subsystems are integrated together through aluminium extrusions. It i important to 
ensure that the waste mesh tensioning system does not interfere with the transport system. 
Except the aluminium extrusion and other standard components, all parts are 
manufactured by the rapid manufacturing technology, which is cost effective and good 
enough for the rig. 
The final design of the lace transport and tensioning rig is shown in Figure 6-29 and the 
picture of the assembled rig is shown in Figure 6-30. 
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Figure 6-29 Final de ign of the lac tran port and tell iOlling system 
Figure 6-30 The manufactured lace transport and tensioning rig 
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6.2.5 Control of the lace transport and tensioning rig 
Getting the transport and tensioning rig to transport lace and tension a small lace section 
continuously requires precisely controlling and coordinating each individual subsystem. 
The speed of each motor needs to be monitored and controlled so that desired tension can 
be reached and maintained. However, due to time limit, this work cannot be carried out at 
present. In addition, the speed limitation of the lace targeting and the laser subsystems 
(described in section 6.1) makes it unrealistic to cut lace continuously at this stage of the 
project. Therefore, to test the lace cutting strategy and the image processing algorithms, 
the rig is controlled manually. After the lace has been transported into the laser cutting 
area, it is stopped and then tensioned with the rig. With some form of feedback, the 
applied tension will be adjusted by manipulating each subsystem step by step unti I the 
desired tension is reached. 
6.2.5.1 Subsystem control 
As each subsystem of the transport and tensioning ng IS driven by a DC motor, 
controlling these subsystems actually means controlling the driving motors. For motor 
control, a Sensory 626 interface card has been selected. Together with the 4-Q-DC servo 
amplifier from Maxon Motor, this card can precisely control the speed and direction of 
each motor with its D/A output function. The I/O ports available with the card are used to 
control the lace positioning subsystem and the laser subsystem. A Graphic User Interface 
(GUJ) has been developed for the user to control the lace positioning subsystem and the 
laser, as shown in Figure 6-31. (refer to Figure 6-5) 
1::. MechanIcal Handllnl Sy'tem for lace RIbbon 
X Motor MOllmg Left I 
V Motor Moving 
Inside 
ZMolor l eft 
X Motor Moving 
Right 
Y Motor Moving 
Outside 
Z MOlOr Right 
•• Lo~ghb.orough 
., UniVersity 
Stop 
La •• r Cutting 
Figure 6-31 GUI for lace positioning and laser control 
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6.2.5.2 Tension control with visual feedback 
As the longitudinal tension applied by the lace transport subsystem is controlled and 
maintained through adjusting the clutch device, no feedback is needed for controlling the 
longitudinal tension. However, as for the combination tension applied by the waste mesh 
tensioning subsystem, reliable feedback to indicate whether the lace is adequately 
tensioned is essential. 
The easiest way to obtain the information of the applied tension is using a force sensor. 
However, when it comes to measure the tension applied on each individual purl, using 
force sensors seems to be impracticable. Furthermore, as purls have different shape and 
structure, the tension needed to adequately tension each purl is different. The tension 
which is able to adequately tension a purl may fail to tension or is too much and therefore 
break another one. The tension required for adequately tensioning a purl mainly depends 
on the connection thread structure, the purl shape and it is impossible to find out an 
optimum tension value that will guarantee that every purl can be adequately tensioned. 
A purl is considered to be adequately tensioned if the loop thread is exposed. However, it 
is very difficult to develop an image processing algorithm to identify the loop thread 
because of its tiny size and various shapes. As the purl shape and the status of the 
connection threads are changing while tension is applied, the purl itself or its connection 
threads may provide useful information to indicate whether the applied tension is enough. 
• The status of connection threads 
Connection threads become longer and straighter as more tension is applied. The 
straightness or length of the connection threads may be measured to check if the purl 
is adequately tensioned. However, as each connection thread is comprised of several 
thin strands which are tangled together, its straightness is not even and can hardly be 
measured. Similarly, as all connection threads are linked together and knitted into 
each other, it is a daunting task and even impossible to use machine vision technique 
to automatically measure the length of a connection thread, as shown in Figure 6-32. 
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Figure 6-32 Complex structure of connection thread 
• The purl shape 
Chapter 6 
Adequately 
tensioned purl 
With more tension being applied, the shape of a purl is becoming longer but narrower. 
According to the concept of purl height described in Chapter 5, the purl can also be 
considered to be becoming higher. As the height of a purl has a direct relationship 
with the applied tension, the information of the height of a purl can be used as 
feedback for controlling the applied tension. In addition, the height of a purl can be 
easily and accurately obtained with the lace edge based method as described in 
Chapter 5. This makes the tension control algorithm easy to be developed and 
implemented. 
When lace is transported into the laser cutting area, it is usually pre-tensioned by the 
longitudinal tension applied by the lace transport subsystem and the combination 
tension applied by the waste mesh tensioning subsystem. The tension control 
algorithm works by first measuring the height of the purl to be tensioned after the lace 
is transported and stopped, which is called initial height. After the secondary 
connection threads have been cut off with the pulsed laser beam, the purl height will 
be measured again. According to the experiment results obtained with the intermediate 
tensioning rig (Chapter 4), the purl will be better tensioned and elongated as the 
tension is concentrated on the primary connection threads. Therefore, the re-measured 
purl height is always greater than the initial purl height. Instead of the purl height, the 
elongation rate of the purl height obtained by dividing the re-measured purl height by 
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the initial one is used to check if the purl has been adequately tensioned. The selection 
of the elongation rate beyond which the purl is considered to be adequately tensioned 
depends on lace type, operator's experience and can only obtained through observing 
lace cutting experiments. 
The primary connection threads will not be cut until the applied tension has been 
proven to be adequate with the feedback of the purl shape elongation rate. I f not, more 
tension will be applied by manipulating the waste mesh tensioning subsystem and 
then the tension will be checked again. 
As for these purls having no secondary connection threads, their height remains the 
same until more tension is applied. In this case, the elongation rate is obtained by 
dividing the purl height measured after more tension is applied by the initial height. 
6.2.5.3 Tension control experiment 
The purpose of carrying out the tension control experiment is to find out the purl height 
elongation rate criterion for the selected lace. The experiment process can be divided into 
several steps. At first, the original height of the purl to be tensioned is measured and 
recorded. The secondary connection threads (if existing) are then cut off with the pulsed 
laser. The applied tension is then adjusted with the tensioning rig until the purl is 
considered to be adequately tensioned. The height of the purl is measured and recorded 
again before the remaining primary connection threads are eventually cut off. 
For the selected lace, one whole lace repeat has been picked out for the experiment, which 
contains 14 purls. Table 6-4 summarises the initial heights and final height of each purl. 
From the table, it has been noticed that the final heights of some purls are not available. 
This is because that all the connection threads have been cut off at one time when the 
pulsed laser beam hits one secondary connection thread, which again shows that lace 
cutting strategy cannot only help to improve the lace cutting edge quality, but also reduce 
the required laser shots. If the elongation rate of each purl can be ensured to be equal to or 
greater than the greatest elongation rate shown in Table 6-4, that is 1.31, all purls can be 
adequately tensioned and therefore the resulting lace edge quality can be greatly improved 
as verified in Chapter 7. 
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Purl No. 
Initial height Final height 
Purl elongation rate Pixels mm Pixels mm 
1 201 2.01 258 2.58 1.28 
2 185 1.85 220 2.20 1.18 
3 198 1.98 250 2.50 1.26 
4 212 2.12 N/A N/A N/A 
5 208 2.08 247 2.47 1.19 
6 188 1.88 227 2.27 1.20 
7 192 1.92 230 2.30 1.19 
8 202 2.02 249 2.49 1.23 
9 191 1.91 229 2.29 1.20 
10 192 1.92 235 2.35 1.22 
11 160 1.60 N/A N/A N/A 
12 151 1.51 193 1.93 1.27 
13 145 1.45 190 1.90 1.31 
14 193 1.93 N/A N/A N/A 
Table 6-4 Purl height elongation rate criterion determination 
Experiment results with another type oflace are included in Appendices 12.9. 
194 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 6 
6.3 Strategically Pulsed Laser Cutting Experiment 
To prove that the strategically pulsed laser cutting method can improve the cut edge 
quality with the developed integrated cutting system in a static situation, a series of 
experiments have been carried out. During the cutting experiments, the cutting points and 
the applied tension are automatically determined by the developed image processing 
algorithms within the WiT environment, while the tension applied on the waste mesh is 
manually adjusted using rig mechanics. The flowchart of the cutting process is shown in 
Figure 6-33. 
Laser spot 
calibration 
Lace sample 
setting up 
Manually align the 
cutting point with the 
laser spot using GUI 
Yes Automatically check if 
L-------I~ the applied tension is 
enough 
Yes 
Using the developed software 
to automatically detect and 
classify cutting points 
Fire the pulsed laser 
Manually adjust the 
applied tension using 
the tensioning rig 
Figure 6-33 Strategically pulsed laser cutting experiment process 
6.3.1 Laser spot calibration 
Before any cutting operation starts, the position of the fixed laser spot needs to be 
accurately determined. The laser spot must be ensured to be well within the field of view 
of the camera, ideally close to the first cutting point. A simple and effective way to 
determine the x, y coordinates of the laser spot has been reported in [4]. A piece of paper 
is placed in the laser cutting zone. Then a single pulse of laser beam (250W, 0.1 ms 
duration) is applied and a hole is made on the paper. Without moving the paper, two 
images are taken before and after the laser pulse. The developed algorithm is then used to 
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compare these two images to find the centre of the hole, which is then stored as the laser 
spot position. The flowchart of the process is shown in Figure 6-34. 
Take an image Fire the pulsed Take the second 
before laser pulse laser image after laser 
pulse 
J 
1 
Comparing images Image of the hole 
(XOR) 
J , 
Image analysis Laser position 
Figure 6-34 Laser position calibration 
6.3.2 Lace sample setting up 
The lace to be cut is initially wound onto the source roller and then manually adjusted to 
go through the feed rollers, micro tensioning rollers, drive rollers and finally is wound 
onto the take-up rollers. The beginning section of the lace is cut manually using scissors 
so that the waste mesh can be separated and go through the waste mesh tensioning rollers. 
The orientation of the waste mesh tensioning roller is adjusted with the bearing so that the 
waste mesh is perpendicular to the rollers. With the roller system, the lace is pre-tensioned 
to be flat and free of wrinkles. Figure 6-35 shows the setting up for the lace which is 
ready for cutting. 
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Source roller 
Figure 6-35 Lace setting up 
6.3.3 Cutting parameters 
Chapter 6 
Micro tensioning roller 
Take-up roller 
Cutting zone 
Waste mesh 
Waste mesh 
tensioning roller 
The cutting parameters set for the cutting experiment are listed in Table 6-5. 
Laser Spot Laser Pulse Importance Elongation 
Laser Power 
SIze duration criterion rate criterion 
240w 0.2 mm O.lms 0.8 1.31 
Table 6-5 Cutting experiment parameters 
The parameter values of the laser system are the same as those of the existing pulsed 
cutting system. Based on the observations of lace structure and experiment results (section 
5.2.2.2 and Table 5-6), the importance criterion is set to 0.8 which is considered 
appropriate to classify the connection threads. The purl elongation rate criterion used to 
check if the applied tension is adequate is determined from carrying out the tension 
control experiments as described in 6.2.5.3 and Table 6-4. 
6.3.4 Pulsed cutting process sequence 
The cutting process starts with automatically finding the first cutting point with the 
developed image processing algorithms. In the environment of WiT, the automatic cutting 
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point detection process can be divided into several steps, including lace image capture, 
lace edge detection, purl isolation, cutting points detection, cutting points classification 
and finally the first cutting point detennination. Detailed image processing is presented in 
Chapter 5. 
The cutting strategy used to cut the secondary and the primary connection threads is 
different. 
To cut a secondary connection thread, there is no need to check the applied tension. As 
shown in Figure 6-36, three cutting points have been automatically detected and the 
cutting point 3 is classified as a secondary cutting point according to the importance 
criterion (described in section 5.2.2.2 and Table 5-6). Then as shown in Figure 6-37, both 
the cutting point and the laser spot have been displayed in the lace image. By moving the 
x, y movable stage with the pushbuttons on the GUI shown in Figure 6-31, the cutting 
point is manually aligned with the laser spot before a pulse of laser energy is applied to 
cut the thread. It is noticed that the laser spot and the point to cut have not been exactly 
aligned. The accuracy of alignment by this means is within the range of ± 25 Ilm [40], 
which is much smaller than the laser spot size (0.20 mm) and is acceptable for cutting lace 
threads for this project. 
The applied tension needs to be checked before a primary connection thread is cut. The 
original height of the purl shown in Figure 6-36 Automatic cutting point detection is 192 
pixels and the height measured after the secondary connection thread is cut is 229 pixels 
as shown in Figure 6-38. To ensure that the applied tension is enough, the purl height 
needs to be 192 x 1.31::::: 252 pixels. To increase the tension, the waste mesh tensioning 
system is manually manipulated until the final height reaches 260 pixels, as shown in 
Figure 6-38. 
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Figure 6-36 Automatic cutting point detection 
Before alignment 
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After alignment 
Figure 6-37 Manual cutting point alignment 
Original height 
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Purl height after 
secondary thread cut 
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Final height when tension is enough 
Figure 6-38 Tension check with purl height change 
When the applied tension is ensured to be adequate, the cutting process of the primary 
connection threads is similar to that of the secondary connection threads, as shown 111 
Figure 6-39. 
By repeating the cutting process, the lace can be cut purl by purl. The edge quality of the 
cut lace will be compared with the lace cut by other cutting methods in hapter 7. 
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Before alignment 
After alignment 
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Cut result 
Figure 6-39 Cutting process of the primary connection thread 
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6.4 Summary and Discussion 
After briefly introducing the systems including laser subsystem, image capture subsystem 
and lace positioning subsystem, this chapter has focused on describing the design and 
manufacturing process of the final lace transport and tensioning rig. The designed rig has 
a potential of transporting and tensioning lace continuously at a high speed. However, due 
to time limit, the work of controlling the rig has been left for future development. 
The proposed lace cutting strategy and the developed image processing algorithms have 
been fully tested with the developed integrated cutting system. A tension control 
algorithm has been developed with the feedback obtained from investigating and 
comparing the purl height. With an appropriate purl height elongation rate criterion, this 
tension control algorithm is able to ensure that each purl of the lace to be cut can be 
adequately tensioned. The cutting results of strategically pulsed cutting experiments arc 
reported in Chapter 7. 
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7 Lace Cutting Edge Quality Assessment 
To compare the edge quality of the lace cut by different cutting systems, reliable lace edge 
quality assessment methods are desired. However, compared with the extensive research 
activities in the lace cutting and lace pattern inspection areas, the research work 
concerning the lace edge quality and its assessment may be considered negligible. There 
is no established method of lace edge quality assessment or international standards 
existing for characterization of the lace cutting edge quality. In current industrial practice, 
two methods of assessment are being used by some lace manufacturing industries. 
Method 1 involves panels of humans assessing the lace tactile quality and visual 
appearance. This can only be based on subjective assessment and is not a reliable method. 
Method 2 is the Martindale Tester, as shown in Figure 7-1, which is usually used for 
testing the abrasion and pilling resistance of all kinds of textile fabrics, and therefore it 
also can be used for determining the lace cut edge quality. By rolling the lace into a 
cylinder which is then rubbed against a standard abradant at low pressures and in 
continuously changing directions, the quality of the lace is detennined either by the 
number of cycles until breakdown of the lace edge or by the mass reduction of the test 
subject [100]. However, this method is not the most suitable for lace edge quality 
assessment because the lace edge defect fonned during the lace cutting operations is very 
subtle and therefore the difference can be too insignificant to be assessed by the tester. 
Figure 7-1 Martindale tester 
In this chapter, several lace edge quality assessment methods will be introduced and 
described in detail. The edge quality of the lace cut by different cutting systems, including 
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mechanical cutting y tern, CW cutting system, pulsed cutting system and the developed 
strategically pulsed cutting system, will be assessed and compared. 
7. 1 Lace Edge Defect Formation 
As introduced in Chapter 1, lace edges are made up of a series of purls that are each 
connected to the light waste mesh by a single or series of connecting thread, a shown in 
Figure 7-2. In mo t lace cutting systems based on the machine vision techn logy, a laser 
is used for cutting the connecting threads by vaporization. ompared with the 
conventional mechanical cutting tools, such as a rotating knife, using a laser for lace 
cutting can eliminate the di tortion and undesirable tension caused by the c ntact between 
the mechanical tools and the lace. However, laser damage can be incurred if lacc purls are 
over exposed to or inaccurately cut by the applied laser energy. The individual trands of 
nylon that make up the lace pattern will be melted. nce the m Iting curs, small 
bubbles oftnipped air form at the end of the severed trand, as shown in Figure 7-3 . The e 
bubbles of trapped air and solid nylon are what cau e irritation to the kin and therefore 
lower the quality of the lace edge. The lace edge quality is det rmincd by the severity and 
the number of defects caused during the lace cutting proccs . 
nnection thre:::d 
Purl 
Figure 7-2 Typical lace tructure 
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." Small bubbles 
Figure 7-3 Lace edge defect 
7.2 Contact Measurement Method 
The irritation to the skin caused by poor edge quality lace can be attributed t the 
snagging of the heat affected areas on the contours of the skin. It is also noted that a lace 
sample with a defective edge will snag on fine nylon material such as that used in ladies' 
tights and undergarments. If the lace is not heat affected and therefore of suitable quality, 
it would be of sufficient compliance and flexibility to mould to the contours of the skin or 
tight material. The Martindale Tester uses a foam pad to simulate the human skin or tight 
material and the quality is distinguished by the condition of the pad after abrasive test i ng. 
Instead of using a foam pad, hosiery (tight material) is employed in the foi l wing tests, 
which can generate some noticeable resistance when a lace sample with a deJi ctive edge 
slides over the hosiery material surface. Recording this resistance between the hosiery and 
the lace edge can be used to assess the edge quality of the lace sample being te ted . Two 
methods, called tube abrasion and sheet abrasion, have been identi fied based on the 
principle mentioned above. 
7.2.1 Tube abrasion method 
When the lace sample is rolled into a cylinder, the resistance between the lace edge and 
the hosiery can become ignificant as this increases the number of defects acting on th 
tight material at anyone time. Although not all purls are in contact with the h siery due to 
the curved edge profile, recording this force will offer a su itable measurement as to the 
edge quality of the entire sample. 
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7.2.1.1 Test rig design and operation 
The test rig consists of two tube sections, one of 35 mm internal diameter and one of 30 
mm. As shown in Figure 7-4, the section of the 30 mm tube is attached to the 35 mOl tube 
at a right angle, which is used to house the rolled lace sample. 
Another section of tube, 30 mm in diameter, is cut in half longitudinally to create a 
semicircular section to run Inside the large 35 mm section. The semicircular tube is then 
covered by hosiery to act as a skin simulator, whjch moves in an orthogonal direction to 
the lace edge at a constant speed within the larger tube as shown in Figure 7-4. The lace 
sample is moved to a position where it just touches the surface of the hosiery, then 
advanced a further 1 mm and locked in position by a clamp to ensure there is always a 
fixed displacement contact between the lace edge and the hosiery. stimated contact force 
between lace edge and tight material is 0.5 Newtons. Lower edge quality lace will snag on 
the hosiery, causing higher fTictional forces between the lace edge and the hosiery, which 
consequently causes a noticeable increase in the amount of the force required to move the 
skin simulator. 
Main body section 
Lace sample rolled 
into a cylinder 
Clamp connected to load cell 
kin simulator s ction 
lamp fixed to base 
Figure 7-4 Test rig for tube abrasion test 
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Testing machine 
Figure 7-5 Test r ig setting lip 
The skin simulator is attached to the load cell of a Hounsfield Tensile Testing Machine 
and then any force change due to the snagging can be recorded. The force data can then be 
transferred to the PC for further analysis, as shown in Figure 7-5. 
7.2.1.2 Test samples 
Two types of lace samples with different patterns are selected for the test, as shown in 
Figure 7-6. For each type of lace, four nominally identical samples are cut by different 
cutting systems: Mechanical, CW laser (cut with the syst m described in [6]), pul cd laser 
(cut with the cutting system described in [2]) and the developed strategically puis d laser 
respectively. During the pulsed laser cutting (both the previou pulsed laser cutting 
system and the newly developed strategically pulsed laser cutting system), the laser beam 
is fixed and the lace is moved with a x, y movable stage and then topped after the thread 
to be cut has been aligned accurately with the laser spot. The lace remains stati nary when 
a single pulse of laser energy is delivered to cut the thread . The culting parameters of 
these lace cutting systems are listed in Table 7-1. By comparing the dge quality of these 
lace samples the relative cutting edge quality of each cutting system can be determined. 
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Cutting Laser Cutting Laser Laser Pulse Importance Elongation rate 
method Power Speed Spot size duration criterion criterion 
Mechanical N/A 0.1 m/sec. N/A N/A N/A N/A Cutting 
CW laser 240w 1 m/sec. 0.2 mm Continuous N/A N/A 
Pulsed laser 240w O· 0.2 mm 0.1 ms N/A N/A 
0.80 1.31 (pattern 1) 
Strategically 240w O· 0.2 mm 0.1 ms pulsed laser 
0.80 1.20 (pattern 2) 
* Lace remams statIOnary when the pulsed laser IS applied 
Table 7- t Cutting parameters of each cutting system 
Lace pattern 1 
Lace pattern 2 
Figure 7-6 Lace samples used for test 
7.2.1.3 Test results 
The Tube Abrasion test is repeated 10 times for each lace sample. The test data for the 
lace samples with pattern 1 are shown in Figure 7-7, which shows a significant difference 
in the forces required for the mechanically cut, CW cut, pulsed laser cut and strategically 
cut lace samples. It can be found that more force is recorded for the W sample than the 
other three samples. 
Trend lines are then identified for each set of test data and by subtracting the trend line 
from each corresponding set of test data, the data difference can be obtained as shown in 
Figure 7-8. In order to highlight the force difference among these lace samples, the 
standard deviation and average value of each set of test data have been calculated, as 
shown in Table 7-2. The average value is obtained from the test data in Figure 7-7, while 
the standard deviation is calculated with the data shown in Figure 7-8 . 
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Lace sample Average force (N) Standard deviation ( a ) 
CWcut 0.51 0.033 
Pulsed cut 0.44 0.019 
Strategically pulsed cut 0.40 0.009 
Mechanically cut 0.39 0.005 
Table 7-2 Average value and STDV (0') (lace pattern I) 
From Table 7-2, it can be concluded that the edge quality of the mechanically cut and the 
strategically pulsed cut samples is significantly better than this of the pulsed cut and the 
CW cut samples. The CW cut samples have the lowest edge quality with an average force 
of 0.51 Newtons, while the mechanically cut samples have the best edge quality. In terms 
of cutting edge quality consistency, the mechanically cut and the strategicall y pul ed cut 
samples are considered the most consistent as the standard deviation f the recorded 
forces are 0.005 and 0.009 respectively, much smaller than those of the W cut and the 
pulsed cut samples. It is noticed that the strategically pulsed cut samples ar very clos to 
the mechanically cut samples, in terms of both cutting edge quality and edge quality 
consistency, as highlighted in Figure 7-9 and Figure 7-10. 
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Figure 7-9 Highlighted comparison between mechanically and strategically cu t lace amples 
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7.2.2 Sheet abrasion method 
Instead of being rolled into a cylinder, the lace sample can also be placed between two 
sheets of Perspex, through which the defects caused by the laser cutting an be examined 
in greater detail. 
7.2.2.1 Test rig design and operation 
The Perspex sheets are purposefully manufactured for each individual lace sample t keep 
the main body of the lace in place, but to still allow the purls to be exposed for t sting. 
The rig operates in a similar way as in the tube abrasion test. The lace sample is secured 
in the Perspex plates and then positioned so that the lace edge is in contact with the 
hosiery acting as the skin simulator. The lace sample is then pull d across the hosiery and 
the frictional forces between the lace edge and the skin simulator are re ord d. "' hi s te t 
ri g allows for much more localised measurements a the ampl f th lace edge under 
examination is significantly less (0 .15 meters, igure 7-11 and Figure 7- 12) when 
compared with the previous test rig in section 7.2.1 where th rolled up length of the la 
sample is about 1 meter. 
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Clamp connected to load cell 
Lace sample secured between 
two shaped Perspex plates, 
lace sample not shown to aid 
graphic representation 
hapter 7 
Slcin simulator 
lamp fixed t base 
Figure 7-11 Test rig for heet abra ion method 
Figure 7-12 Test rig etting up 
214 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon hapter 7 
7.2.2.2 Test results 
The experiment results shown in Figure 7-13 are similar to those in Figure 7-7. The W 
cut lace sample produces the most significant frictional force, indicating that it has thc 
lowest edge quality, which is consistent with the conclusion of the previous test. 
A similar data processing method as used in the tube abrasion test is adopted where trend 
lines for each data set are identified and then subtracted from each corresponding set of 
test data to obtain data difference as shown in Figure 7-14, from which the standard 
deviation of the test data can be calculated. Table 7-3 shows the standard deviation and 
the average value for each set of test data. 
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Figure 7-13 Test result of sheet abrasion method (lace paUern I) 
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Figure 7-14 Difference between test data and trend lincs (Iacc pattcrn I) 
Lace sample Average (N) tandard deviation 0') 
CWcut 0.33 0.062 
Pulse cut 0.16 0.013 
Strategically pulsed cut 0.10 0.007 
Mechanically cut 0.09 0.006 
Table 7-3 Average value and Standard deViation of tc t data (lace pattern t) 
From Figure 7-13, Figure 7-14 and Table 7-3, it may be concluded that that the W cut 
sample has the lowest and most inconsistent edge quality while the mechanically cut 
sample is the best in terms of both aspects. It is also noticed that the edge quality of the 
strategically pulsed cut samples is close to that of the mechanically cut samples (as 
highlighted in Figure 7-15 and Figure 7-16) and much better than those cut by the W 
and the pulsed systems. When comparing Table 7-3 to Table 7-2, it can be found that the 
average values of the forces produced in the tube abrasion test is much hi gher than in the 
sheet abrasion test, which can be explained by the fact that more lace purl are in contact 
with the skin simulator in the tube abrasion test, causing higher fricti n force. It is als 
noticed that the standard deviation of each set of data (especiaJly the W sample) 
obtained with the sheet abrasion method is bigger because this method can examin the 
lace purls on a more local scale, highlighting the quality variations among purls. 
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Both test methods are repeated for other lace samples with lace pattern 2 and the re ult 
are included in Appendices 12.11. The results show that the mechani ca lly cut and the 
strategically pulsed cut lace samples have better edge quality, with the W cut la e 
samples having the lowest edge quality and being most inconsistent as indicated by the 
standard deviation values. 
217 
Vision Guided Cutting and Mechanical Handling of Lace llibbon hapter 7 
7.3 User Trial Method 
In addition to the quantitative methods described above, a lace edge quality assessm nt 
trial based on a user trial method has also been carried out, aiming to assess and compare 
the edge quality of lace samples cut with different methods. The trial invo lves asking a 
number of volunteers to rate the softness and the visual appearance of the lace edges and 
then assessing the lace edge quality according to the scores given by the volunteers. The 
higher the score a lace sample gets, the better the edge quality of the lace sample. 
7.3.1 Test setup 
A number of volunteers (20) are asked to rate the edge quality of the lace samples cut by 
the mechanical cutting system and laser cutting systems, including W, pul sed, and 
strategically pulsed. Same lace samples used in the contact measurement te t are sel cted, 
which form 4 sets of samples. Sample sets A & B are for pattern design 1 and et & 0 
are for pattern design 2, as shown in Figure 7-17. Each set of samples consists of one 
mechanically cut sample, one CW laser cut sample, one pulsed laser cut ample and one 
strategically pulsed laser cut sample. The laser cutting parameters £ r laser cutting 
systems (including CW, pulsed and strategically pulsed) are the arne as previous ones 
used for contact measurement tests, that is, 240W CO2 laser with 0.2 mm sp t size and 
0.1 ms pulse duration for pulsed cut. The samples within each set are randomly numbered 
as shown in Table 7-4. 
Lace pattern I 
Lac pattern 2 
Figure 7- 17 Lace samples for the trial 
The scores given to each lace sample ranged from 0 to 5, where 0 means the quality is 
very bad and 5 means very good. 
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Set number Design Type Sample No. Cutting method 
I CW 
A Lace pattern 1 2 Pulsed 
3 Mechanical 
4 Strategically pulsed 
1 Strategically pulsed 
B Lace pattern 1 2 CW 
3 Mechanical 
4 Pulsed 
1 Mechanical 
C Lace pattern 2 2 Strategically pulsed 
3 Pulsed 
4 CW 
1 CW 
D Lace pattern 2 2 Strategically pulsed 
3 Pulsed 
4 Mechanical 
Table 7-4 Edge quality trial sample numbering 
Lace type Cutting method Score A verage score Score St Oev( a ) 
Pulsed 62 3.10 1.29 
Lace pattern 1 CW 38 1.90 1.41 
Strategically pulsed 79 3.95 1.01 
Mechanical 81 4.05 1.05 
Pulsed 59 2.95 0.97 
Lace pattern 2 
CW 32 1.60 1.25 
Strategically pulsed 66 3.30 0.95 
Mechanical 67 3.35 0.98 
Table 7-5 Edge quality trial results 
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7.3.2 Test results 
The scores for each lace sample from all 20 volunteers are summed together and an 
overall score and an average score can be obtained. A summary of the scores for each lace 
sample is shown in Table 7-5. 
The results clearly show that the mechanically cut sample has the best edge quality with 
average scores of 4.05 and 3.35 for lace design 1 and lace design 2 respectively. The CW 
laser cut lace with scores of 1.90 and 1.60 for lace design I and lace design 2 respectively 
has the lowest edge quality. 
With scores of 3.95 and 3.30 which are close to the score of the mechanically cut sample, 
the strategically pulsed laser cut sample is perceived to be much softer than the CW and 
the pulsed samples. The trail subjects also reported that the strategically pulsed cut 
samples have a cleaner and less hairy edge than that of the mechanically cut samples. As 
the standard deviations of all assessments are around I, the assessment results arc 
considered consistent. The samples of lace pattern 2 are rated slightly more consistently 
than the samples of pattern 1. The results are shown graphically in Figure 7-18. 
From the results shown in Figure 7-18, it is clear that the mechanically cut and the 
strategically cut lace samples are the softest, which indicates that they have the best cdge 
quality. This is consistent with the test results obtained from the previous contact 
measurement experiments described in section 7.2. Compared with the CW and the pulsed 
cut samples, the edge quality of the strategically pulsed cut sample has been clearly 
improved. 
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Figure 7-18 Edge quality trial score averages 
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7.4 Microscopic Method 
Another assessment method employed is to inspect the lace edge purls under a 
microscope. This assessment method has been briefly described in section 3.3 to compare 
the edge quality of the lace samples cut under different tension to identify the tension 
effect on lace cut edge quality. When the lace purls are overexposed to or inaccurately 
targeted by the laser beam during the cutting process, some small bubbles, invisible to the 
naked eye, will be formed. However, with the aid of a microscope, these small bubbles 
can be clearly seen as shown in Figure 7-19. It is the bubbles that cause the skin irritation 
and therefore degrade the overall lace edge quality. From this point of view, the lace edge 
quality can be assessed and categorized by observing and classifying these bubbles. 
Small bubbles 
Figure 7-19 A purl with small bubbles 
7.4.1 Test setup 
Four lace samples, same as these used in previous tests are selected for the microscopic 
investigation test, including mechanically cut, CW cut, pulsed cut and strategically pul ed 
cut (0.1 ms pulse duration). These samples have the same pattern as shown in figure 7-20. 
Figure 7-20 Lace sample with pattern design 1 
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As inspecting the lace purl under a microscope one by one is time consuming, two pattern 
repeats of each sample are selected for the inspection, which is considered to be enough 
for representing the whole lace edge quality. As each repeat contains] 4 purls (only true 
for the lace pattern shown in Figure 7-20), totally 28 purls of each lace sample have been 
inspected and classified as good, neutral or bad quality according to the severity of the 
thermal damage caused during the cutting process. 
The quality of a purl is classified as 'good' only when no thermal damage or bubbles can 
be seen under the microscope. The purl will be considered as 'bad' or ' neutral ' quality 
depending on the position and degree of the thermal damage. Figure 7-2 1 shows four 
examples of purls with different quality. 
Good quality Neutral quality 
Bad quality 
Figure 7-21 Purl examples of different quality 
7.4.2 Experiment results 
By inspecting and classifying the purls one by one, the number of the purls with different 
quality of each sample can be counted as shown in Table 7-6. The overall lace edge 
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quality of the lace sample is determined by calculating the percent of the 'good quality ' 
purls out of all the purls. 
Good Neutral Bad Total Percent of good (%) 
Mechanically 28 0 0 28 100 
CW 3 3 22 28 I 1 
Pulsed 21 5 2 28 75 
Strategically 
26 2 0 28 93 
pulsed 
Table 7-6 Microscopic experimental results 
Table 7-6 and Figure 7-22 clearly show that the mechanically cut lace sample has the best 
overall edge quality without any thermal damage. It is worth noticing that the strategically 
pulsed cut lace has no 'bad' purls and its edge quality is close to the mechanically cut lace. 
This has again demonstrated that the edge quality has been greatly impr ved by the 
developed strategically pulsed cutting system. 
30 
25 
20 
15 
10 
5 
o 0 
o 
Mechanically 
22 21 
cw 
2 
r 
Pulsed 
26 
Strategically 
pulsed 
Figure 7-22 Micro copic e periment analysis I"CSUltS 
224 
Good 
= Neutral 
• Bad 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Chapter 7 
7.5 Summary and Discussion 
In this chapter, three methods of lace edge quality assessment have been presented. 
Although these methods are different in terms of principle and process, the conclusion 
drawn from each assessment method is the same, which states that mechanical cut and the 
strategically pulsed cut lace samples have the best and the most consistent edge quality 
while the edge quality of the lace samples cut by the CW system is the lowest. 
The experiment results have shown that the developed strategically pulsed cutting system 
is able to cut lace with greatly improved edge quality which is very close to that of the 
mechanically cut lace samples. Being able to cut lace with high level edge quality which 
can satisfy the demanding lace markets, the lace cutting system based on the combination 
of machine vision and laser cutting technology has demonstrated its huge potential to 
replace the low-speed mechanical cutting system. 
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8 Discussion 
The previously developed CW lace cutting system [3] was not able to cut lace with high 
level lace cut edge quality that meets the requirements of demanding lace markets. The 
developed pulsed laser cutting system [2] failed to cut lace with satisfactory consistency, 
although it was successful to improve the lace cut edge quality. To address the drawbacks 
of these two lace cutting systems, a machine vision based laser cutting system has been 
researched and realised in this project. The newly developed system is able to cut lace 
with highly improved edge quality and cutting consistency according to the assessment 
results presented in Chapter 7. The development process of the system is summarised as 
follows. 
At the first stage of the project, based on the investigation of the effect of the handling 
tension on the lace cutting edge quality and the observation on lace behaviour during the 
lace cutting process, a new lace cutting strategy has been proposed. The underlying idea 
of the cutting strategy is to improve the lace cutting edge quality and consistency hy 
exposing and accurately cutting the loop thread of every single purl one by one with the 
pulsed laser beam. 
Then, to implement the cutting strategy automatically, a machine vision system has been 
developed. Imaging the lace at a resolution of 100 pixels/mm, the machine vision system 
is able to automatically detect and classify individual cutting points. By monitoring the 
shape change of the purl to be cut, the system is also able to provide feedback for 
controlling the tension applied on the lace to ensure that the loop thread is adequately 
tensioned and exposed. 
Parallel to the development of the machine vision system, a lace transport and tensioning 
rig has been developed. Although the developed transport and tensioning rig is not able to 
transport and tension lace continuously at this stage, it has well demonstrated the concept 
of tensioning each purl divergently and progressively. By manipUlating the rig manually 
during the lace cutting experiments, this transport and tensioning rig is capable of 
adequately tensioning purls to expose the loop thread for the pulsed laser beam to cut. 
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Finally, based on the previous pulsed laser cutting system, an integrated lace cutting 
system has been developed. The system is capable of automatically detecting and 
classifying the cutting points where connection threads intersect with the purl. Although 
the alignment process of the cutting point and the fixed laser spot has not been automated, 
it can be fully achieved by upgrading the laser delivery system as described in section 
10.2. 
To assess and compare the lace cut by the newly developed cutting system, an objective 
and quantitive method has been developed and employed. With reference to the friction 
forces and standard deviation of the experiment data established by the developed contact 
measurement assessment method as described in Chapter 7, the lace cut by the developed 
system is almost the same as the mechanically cut lace. The assessment results have 
proven that the newly developed lace cutting system is able to cut lace with high level 
edge quality and cutting consistency and shows prospect of replacing the current low-
speed mechanical cutting systems in the future. 
In this chapter, the discussion of the approaches and results obtained throughout the 
project are presented. The discussion is split into several areas as follows. 
• Previous! high accuracy pulsed laser cutting system 
• Lace cutting strategy 
• The developed machine vision system 
• The developed lace transport and tensioning rig 
• Lace edge quality assessment methods 
I Previous system refers to the pulsed laser cutting system reported by Bamforth [2] 
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B.1 Previous Pulsed Laser Cutting System 
By increasing the accuracy and actively targeting individual lace threads with a pulsed 
laser, the previous pulsed lace cutting system researched and realised improving the 
resulting lace cutting edge quality [101]. Without relying on the prior knowledge of lace, 
the pulsed cutting system is able to accommodate local distortions, which further 
increases the targeting accuracy. The reported targeting accuracy of the system IS on 
average 0.073 mm at an image resolution of 30 pixels/mm. 
However, the laser damage is still present with the lace samples cut by this system, 
although the damage has been greatly reduced when compared to the previous CW laser 
cutting system. The cause of the laser damage can be analysed as follows. 
A 3D thermal model has been developed to simulate the lace cutting process with the CO2 
laser [7]. With the aid ofthe thermal model, it has identified that for fixed laser power and 
pulse duration the laser beam spot size and the beam offset are critical to obtaining a Cllt 
with minimal laser damage. Although other variables also have an effect on the size of the 
HAZ (Heat Affected Zone), their effect is insignificant when compared to the beam spot 
size and the beam offset. For the previous pulsed cutting system, the laser beam has a 
fixed diameter of approximately 0.24 mm determined by the selected laser optics for laser 
delivery. Therefore, the beam offset becomes the only key variable that affects the 
resulting lace cutting edge quality. However, it is difficult to determine an appropriate 
value for the beam offset to ensure that each cut has minimal laser damage. If the cutting 
point is too far from the point where the thread intersects with the purl, a small portion of 
the thread will remain attached to the purl, which is called 'leg' in the lace industry. On 
the other hand, if the cutting point is too close to the intersection point, the purl itself will 
be possibly hit by the laser beam and laser damage (HAZ) generated. With the previolls 
pulsed cutting system, it seems inevitable that some degree of laser damage will be 
generated during the lace cutting process. 
In addition, the complexity of lace structure and the peculiarity of each lace thread require 
that the beam offset value be adaptable. Otherwise, either 'legs' or laser damage will be 
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generated. The previous pulsed cutting system uses a fixed beam offset value to cut all 
lace threads, leading to inconsistent lace cutting edge quality. 
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8.2 Lace Cutting Strategy 
The handling tension applied on lace during the lace cutting process can be classified as 
longitudinal tension and lateral tension, both of which have been proven to be beneficial 
to the lace cutting edge quality in Chapter 3. The conclusion is then explained in Chapter 
4 by observing the purl structure under the microscope. Under the tension, the loop thread 
which connects the connection threads to the purl can be observed with the aid of the 
microscope. Accurately applying a single pulse of laser energy on to the loop thread can 
severe the thread which is then pulled through the purl by the applied tension, so the 
connection threads connected with the loop thread can be cut off at the same time without 
causing any laser damage to the purl or leaving any thread 'legs' on the purl. As the loop 
thread is a tiny thread which usually shrinks and is covered by other threads or the purl 
when no tension is applied, applying tension correctly to expose the loop thread becomes 
the key to cutting lace with high level cutting quality. 
After a series of cutting experiments carried out with the intennediate tensioning rig as 
detailed in Chapter 4, a lace cutting strategy has been proposed. A purl together with all 
its connection threads is treated as one independent entity. All connection threads are then 
categorized as primary threads or secondary threads according to their position relative to 
the top of the purl. As the cutting quality of the top section of a purl has detemlinant 
effect on the overall purl quality and the loop thread is usually located on the purl top, the 
threads connected to the top section of a purl are considered more important than those 
connected to the bottom section of the purl. 
The secondary threads are cut first in order that the remaining primary threads can be 
better tensioned to expose the loop thread which connects with them. Not until the applied 
tension has been checked to ensure that the loop thread has been correctly tensioned and 
exposed will a single pulse of laser energy be applied on the loop thread to cut it and the 
threads connected to it. By repeating the process, the lace can be cut purl by purl until 
finished. 
As the loop thread is pulled away from the purl, the purl will not be damaged if the laser 
energy is applied on the loop thread accurately. In most cases, all connection threads of a 
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purl are connected to the purl through the loop thread, which means that these connection 
threads can be cut off without causing any laser damage on the purl with the proposed 
lace cutting strategy. As to these few threads which are connected to the bottom section of 
a purl or knitted into the lace patter section directly, cutting them directly with the pulsed 
laser will not have significant effect on the overall lace edge quality because of their 
inferior position. 
As most threads can be cut without causing any laser damage, the lace cutting strategy is 
surely able to help improve the lace cutting edge quality when compared to the previous 
pulsed laser cutting system, which has been fully proven by the lace edge assessment 
results presented in Chapter 7. 
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B.3 Machine Vision System 
In order to implement the lace cutting strategy automatically, a machine vision system has 
been developed that is able to isolate each uncut purl, detect the cutting points of the 
isolated purl where threads intersect with the purl, classify these cutting points according 
to their position and provide feedback for the lace transport and tensioning rig to control 
the applied tension. 
The system is based on the success of the previous pulsed laser cutting system. In order to 
clearly see the loop thread which is usually a very tiny thread, it is necessary to increase 
the imaging resolution to approximately 100 pixels/mm. Consequently, the field of view 
(FOV) reduces to about 12mm x 10mm and a typical lace image contains 4 to 5 purls. 
Based on the lace edge information, each purl together with its connection threads can be 
isolated and processed independently. With necessary modification, the lace edge directed 
thread targeting algorithm has been successfully adopted to detect the cutting points. 
which are then classified based on their distance to the bottom line of the purl. By 
monitoring the height change of the purl, the system is also able to provide feedback for 
the tensioning rig to control the tension applied on the purl. 
The newly developed laser cutting system is not only able to accommodate lace 
distortions, but also more accurate to target individual threads and successfully realise the 
automation of the lace cutting strategy for lace cutting. The lace samples cut with the 
developed system have clearly shown edge quality improvement when compared to the 
previous laser cutting systems as described in Chapter 7. 
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8.4 Lace Transport and Tensioning Rig 
The lace transport and tensioning rig is designed and manufactured to handle the lace 
during the cutting process. The advantage of this rig over the early lace handling rigs [80] 
is its ability to transport and tension lace continuously at the same time. With its roller 
structure and the method of tensioning the lace divergently, the rig is able to apply 
localised tension on the purl to be cut and its connection threads. With the feedback 
provided by the machine vision system, the rig can also control the tension to ensure that 
the purl is adequately tensioned. Integrated with the laser subsystem, lace positioning 
subsystem described in Chapter 6 and the developed machine vision system, the rig has 
been successfully manually operated to handle lace for the strategically pulsed laser 
cutting. 
Due to time limit, the automation of the rig has not been fully achieved, but it has 
demonstrated the concept of continuously transporting and tensioning lace. With some 
further work as described in section 10.3, the full automation of the rig can be realised. 
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8.5 Lace Edge Quality Assessment 
Three methods of lace edge quality assessment have been presented in Chapter 7. 
Although these methods are different in terms of principle and process, the conclusion 
drawn from each assessment method is the same, which states that mechanically cut and 
the strategically pulsed cut lace samples have the best edge quality while the edge quality 
of lace samples cut by the CW system is the lowest. Unfortunately, it is not possible at 
this stage to benchmark the proposed assessment techniques against any other methods 
because they simply do not exist. 
The contact measurement method assesses lace edge quality by recording the resistance 
forces caused by sliding the lace edge against textile tight material. Based on this 
principle, the method is further divided into two sub-methods called (1) tube abrasion and 
(II) sheet abrasion. The lace edge quality can be distinguished by analysing the test data 
obtained during the experiments. These methods are considered more reliable, objective 
and time-effective than the other two assessment methods applied previously, that is, the 
user trial and the microscopic method. Assessing lace edge quality via the user trial and 
the microscopic methods takes long time, making them not feasible for online lace edge 
quality assessment. However, the contact measurement method has the potential for 
assessing lace edge quality in real time, especially when it is combined with a machine 
vision system as described in section 10.4. 
According to the conclusion of each lace edge quality assessment, mechanically cut lace 
samples have the best edge quality. However, the mechanical cutting process has 
limitations as outlined in [31] in terms of speed and labour requirements, both of which 
produce a bottleneck of whole lace manufacturing process. The mechanical lace cutting 
process is slow and fairly inaccurate requiring constant operator attention. Although there 
is no thermal damage caused to the lace being cut, the cutting inaccuracy always leaves 
the cut lace hairy or miscut. The mechanical lace cutting system also suffers from the 
inability to deal with closely interlocked lace patterns, known as centre cutting. These 
must be cut by hand using scissors, resulting in corresponding throughput and cost 
disadvantages. 
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The previously developed lace cutting systems based on the combination of machine 
vision and laser cutting technologies fail to cut lace with high level cutting edge quality. 
However, the newly developed strategically pulsed cutting system is able to cut lace with 
resulting edge quality virtually the same as that of the mechanical cut lace, which makes it 
possible to replace the mechanical cutting system to achieve the full automation of the 
lace cutting operation given some more future work carried out as presented in Chapter 10. 
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9 Conclusion 
Compared to the early Loughborough CW cutting system, the previous pulsed cutting 
system is able to cut lace with improved edge quality. However, the improvement in the 
cutting edge quality is not enough and laser damage is still present in the cut lace. 
In this project, based on the investigation of the effect of the handling tension on the lace 
cutting edge quality and the observation on lace behaviour during the lace cutting process, 
a lace cutting strategy has been formulated, which is aimed at improving the lace cutting 
edge quality by exposing and accurately cutting the loop thread with the pulsed laser 
beam. 
A machine vision system has been developed to automatically implement the lace cutting 
strategy. Imaging the lace at a resolution of 100 pixels/mm, the machine vision system is 
able to automatically detect and classify individual cutting points. By monitoring the 
shape change of the purl to be cut, the system is also able to provide feedback for 
controlling the tension applied on the lace to ensure that the loop thread is adequately 
tensioned and exposed. 
To transport and tension lace continuously for lace cutting, a lace transport and tensioning 
rig has been designed and manufactured. By tensioning the lace divergently and 
progressively, the rig is capable of applying and controlling the tension on each individual 
thread to be cut. 
To test the concept of strategic lace cutting, an integrated lace cutting system has been 
developed based on the previous pulsed laser cutting system. The system is capable of 
automatically detecting and classifying the cutting points where connection threads 
intersect with the purl. Although the alignment process of the cutting point and the fixed 
laser spot has not been automated, it can be fully achieved by upgrading the laser delivery 
system as described in section 10.2. 
With reference to the friction forces established by the contact measurement assessment 
method as described in Chapter 7, the strategically pulsed cut lace is almost the same 
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(within 2.5% and 10% respectively for the tube and the sheet abrasion method) as 
mechanically cut lace. Subjective user trial data also supports this observing improvement 
in cut lace edge quality. In addition, user trial subjects reported that the lace edge cut by 
the strategically pulsed method is considered cleaner and less hairy than the mechanically 
cut lace. 
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10 Future Work 
On the basis of the previous pulsed laser cutting system [2], the work presented in this 
thesis has proven that strategically pulsed laser cutting can produce lace edge quality 
equal to or better than the existing mechanically cut lace edge quality. Together with the 
lace transport and tensioning rig, the manually operated cutting system described in 
Chapter 6 is able to apply appropriate tension on the lace with a closed-loop control, 
detect and classify individual cutting points and then deliver the pulsed laser energy to the 
thread to be cut. 
Future work is necessary before the system can be commercialised for industrial lace 
cutting operation. The future work can be carried out on the following aspects. 
• Machine vision system performance improvement 
• Laser energy delivery 
• Lace transport and tensioning rig control 
• On-line lace edge quality assessment system 
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10.1 Machine Vision System Performance Improvement 
The developed machine vision system described in Chapter 5 is able to automatically 
capture lace images, detect and classify individual cutting points based on these images. 
provide the coordinates of the cutting point to the laser delivery subsystem and provide 
feedback for the closed loop tension control. Although the system has been successful to 
implement the lace cutting strategy for lace cutting edge quality improvement. it is not 
suitable for real time lace cutting operation conducted at the speeds up to 1 m/s. The 
system speed can be improved by investigating the following areas. 
1. Faster camera 
To successfully transport and cut lace at the speeds up to 1 mis, the prerequisite is to find a 
camera that is able to capture images at a correspondingly high speed. Due to the lace 
distortion after each cutting, one new frame of image is required for accurately targeting 
and cutting each individual thread. Given that a lace sample of I m long has approximately 
450 purls and every purl has on average two connection threads, the suitable camera 
needs to capture images at a frame rate of 450 x 2 = 900 frames/s. 
As the lace passes through under the camera, it is necessary to ensure that the purl to he 
cut is well within the field of view (FOV) of the camera. There are two possible ways to 
achieve this. The first method is moving the camera along the lace edge to image the purl 
of interest. In this way, the field of view can be kept relatively small and the captured 
image may only contain the purl to be cut. The advantages of the method are that a low 
cost camera (a camera with 1M pixels costs no more than £1,000) would be good enough 
and by excluding irrelevant information from the purl image. the image processing 
execution would be much faster. However, moving the camera would cause vibration, 
noise and possibly image blurring, which must be solved before the method can he 
adopted. The other method is using a fixed camera whose resolution is so high that it is 
able to accommodate all purls passing under it. This method is much simplcr. but the 
requirement of the camera is strict. For some demanding lace pattern designs, the height 
variation of the lace edge contour can be up to 20 mm. At an imaging resolution of 
10Opixels/mm, this would require that the camera should have morc than 4M 
(20x20x 1 OOx 100=4M) pixels. In addition, as more information is included in the captured 
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Image, the image processmg algorithms would be more complex and consequently 
requires more time. 
In the current commercial camera market, it is not difficult to find a camera that is able to 
meet the above requirements. For example, the Phantom HD camera has a resolution of 
2048x 1152 pixels and can be operated at a frame rate of 1000 fps [102]. For less 
demanding lace patterns which requires smaller FOV, there are more options to select an 
appropriate camera, such as the HotShot 1280 (1280x 1 024pixels, 20.000fps) provided by 
NAC Image Technology [103] and the MotionProX-3 (l280x1024 pixels. 1040 fps) 
developed by RedLake [104]. At present, these high speed cameras are expensive 
(approximately £20,000) but the cost is expected to be gradually reduced as the camera 
technology advances in near future. 
The combination of high speed and high resolution of the line scan camera makes it a 
possible alternative to the high speed area scan camera. But it is more complex to control 
a line scan camera and the developed image processing algorithms need to he modi fied 
accordingly. Similarly, the cost of a line scan camera is very high as well. 
2. High speed processing platform 
Replacing the PC with a Digital Signal Processor (DSP) to improve the machine vision 
system speed is well established. Since DSP has high performance, decreasing prices. and 
reasonable power consumption, it has been employed in many computational-intcnsive 
applications, especially for digital signal processing. By devoting all their power to signal 
processing, DSPs are much faster than standard PCs. The combination of a camera with 
DSPs for developing machine vision can be found in many applications. such as for lace 
cutting [6] and for traffic surveillance [105]. Besides DSPs, FPGA (Field Programmable 
Gate Array) devices can also be used to build compact, flexible and high speed machine 
vision systems. In the current FPGA market, Xilinx and Altera have become the major 
leaders in developing a wide range of FPGAs. A real time web inspection system based 
on FPGA has been reported in [106]. 
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10.2 Laser Beam Positioning 
Moving lace with the lace positioning subsystem to align the cutting point with the fixed 
laser spot causes a long delay (typically 2-3 seconds, as described in Chapter 6) for the 
lace cutting operation. The lace needs to be stationary when the pulsed laser energy is 
delivered to the targeted thread. This has become a problem that must be solved before the 
developed system can be upgraded to be running at a high speed. 
With lace passing through at speeds up to 1m/s, positioning the pulsed laser beam to eaeh 
individual cutting point with a high accuracy (ideally approximately 0.01 mm at imaging 
resolution of 100 pixels/mm) requires a positioning system with quick response and a 
high repeatability. As the field of view of the camera needs to be 20mm x 20ml11 to 
accommodate all purls as described in section 10.1, the laser beam positioning system has 
to cover an area of at least 20mmx20mm. 
The development of modem laser scanning systems has provided many options for 
building a laser positioning system with good repeatability and high accuracy. 
Galvanometer scanners have been widely used for deflecting lasers to a speci fie position 
for their quick response. For example, the dynAXIS® galvanometer scanners from 
SCANLAB has a step response time of less than 0.25 ms and repeatability of 5 wad 1107]. 
There are also some fully integrated laser scanning head modules which can be casi I y 
incorporated to develop a high speed laser positioning system in a short time, such as the 
HB® X10 Series manufactured by GSI Lumonics. Being able to cover an area of 
70x70mm with a repeatability of 1 O~m, the 2 axis scanning head is capable of positioning 
the laser accurately for lace cutting, with the spot size focused within 0.20mm [108]. 
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10.3 Lace Transport and Tensioning Rig Control 
The developed lace transport and tensioning rig has demonstrated its potential for high 
speed lace transportation and tensioning. In order to fulfil its potential, more future work 
is required, which can be carried out on the following aspects. 
Each motor to drive the transportation rollers needs to be controlled separately. Speed 
control is considered critical to controlling the applied tension and therefore should he 
controlled precisely with a closed loop method. The research challenge here is how to 
reach and maintain a state of balance where relatively little speed adjustment is required 
and the lace can be tensioned adequately as it is transported. 
Compared to the longitudinal tension applied and passively controlled by running the 
drive rollers faster than the source rollers as described in section 6.2.2, the combination 
tension applied on the waste mesh is more important for adequately tensioning the lace 
purls and therefore should be controlled with more care. A double camera system has 
been considered appropriate for controlling both the magnitude and the direction of the 
combination tension. The first camera would be a high resolution used to check the status 
of the purl being tensioned and provide the feedback of whether the applied tension is 
enough. The other camera, on the other hand. would be low resolution and able to cover a 
larger lace area. The purpose of this low resolution camera is to provide information for 
controlling the direction of the waste mesh tension. According to the previous 
observations, the most effective way to tension a purl is to apply the tension along its axis. 
With the information of the purl orientation obtained from the image captured hy the high 
resolution camera, the low resolution camera would then be able to monitor and control 
the angle between the waste mesh and the lace pattern section so that the purl can he 
adequately tension in the shortest time, as shown in Figure 10-1. 
For high speed tensioning, it would be appropriate to replace the lead screw mechanism 
(as described in section 6.2.2), which is used to change the direction of the waste mesh 
tension, with another type of high speed actuation device, such as a piczo positioning 
stage. Driven by piezoceramic linear servo motors, the linear translation stage provide by 
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PI is able to travel with speeds up to 800mm/s [109] and could be elected for thi s 
purpose. 
Micro-tensioning 
rollers 
Lace reed direction 1 
L w r luti n cam r 
High resolution am ra 
Top vi'w 
Low resolution camera 
S High resolution camera 
Rollers Roll r 
ide view 
Figure 10-1 Double camera system for tension control 
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10.4 Online Lace Edge Quality Assessment System 
The sheet abrasion method used to assess the lace cutting edge quality, descrihed III 
section 7.2, can be further developed to build an online lace cutting edge ljuality 
assessment system. 
The lace should be transported continuously when its edge quality is heing assessed and 
therefore using the Hounsfield testing machine becomes unsuitable. Instead of sliding th~ 
lace across the hosiery to record the frication forces for assessing the edge ljuality, it 
would be more appropriate to use a force sensor to actively contact each purl and then 
collect the generated signals for further analysis. The selected sensor should he a small 
size so that it can fully touch every single purl, as well as having high sensitivity to 
differentiate the friction forces, which are usually less than 1 Newton. A piezo film sensor 
can be selected for this purpose. Since the discovery of the piezoelectricity phenomenon 
that quartz changes its dimensions when subjected to an electric field, and conversely 
generates electricity when mechanically deformed more than 100 years ago, the research 
of applying the technology has continued and a number of materials having piezoelectric 
effect have been identified or developed. Piezo film is among these piezoelectric materials 
and is a flexible, lightweight, tough engineering plastic available in a variety of thickness 
and areas. Piezo film sensors are able to convert mechanical strains into electrical signals 
with a conversion rate of approximately 14.4 V IN [110]. As each purl runs over thc piclO 
film sensor, the friction force between the sensor and the purl will defoml the film. which 
consequently generates the proportional voltage signals. With an appropriate 
amplification circuit, the voltage signals can be further amplified and used for assessing 
the lace edge quality. 
As the lace edge has a curved contour, the piezo film sensor should be moved to follow 
the lace edge to actively touch individual purls. This can be achieved by combining a 
machine vision system with a gantry positioning system. The machine vision system is 
used to capture the lace images to extract the lace edge information, which is then fcd to 
the piezo film sensor positioning system. Since it is similar to the lace positioning 
subsystem, this system would be easy to build. 
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The online lace edge quality assessment can be further integrated with the developed laser 
cutting system. After the lace has been cut and then transported out of the cutting lone, it 
can be directly transported and handled for online edge quality assessment. The lace edge 
quality assessment system could also provide valuable feedback for the lace cutting 
system. Once minor (non-defective) variations in lace edge quality is detected, the clltting 
system will make corresponding adjustment, for example increasing the handling tension 
for each purl. In this way, the edge quality of the produced lace can hc ensured to he high-
level and lace waste can be minimised. 
245 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
11 References 
1. Bath, V.c., Lace. 1974: London :Studio Vista. ISBN: 0289705304 
2. Bamforth, P., High Accuracy Automated Scalloping of Decorative Lace. 2003, 
PhD thesis, Loughborough University 
3. Tao, L.G., High-Speed Pattern Cutting Using Real-Time ('ompll1('I' ,'isioll 
Techniques. 1995, PhD thesis, Loughborough University 
4. Earnshaw, P., Threads of lace, from source to sink. 1989: Gorse Puhlications. 
ISBN: 0951389114 
5. Jackson, M.R., M.E. Preston, and L.G. Tao, High speed cUlling (~f paflcrl/ct/ 
shapes from fabrics. Mechatronics, 1995.5(2/3): p. 197-213. ISSN:0957-415H 
6. Jackson, M.R., M.E. Preston, and L.G. Tao, Real-Time Cutting Path 
Determination Using Machine Vision-Based Incremental Pattern Tracking. Real-
time Imaging, 1996.2(4): p. 249-264. ISSN:I007-2014 
7. Bamforth, P., K. Williams, and M.R. Jackson, Edge quality optimisation fur COl 
laser cutting of nylon textiles. Applied Thermal Engineering, 2006. 26: p. 403-412 
8. Ameziane M., Bonnet P., and P.J. G. Vision applied to a cutting prucess ill the 
textile industry. in Proceedings of the 7th International Conference 011 AII1011llltcd 
Inspection and Product Control. Birmingham, UK. 1985. p. 185-193. ISBN:()-
903608-86-3 
9. Amin-Nejad, S., J.S. Smith, and J. Lucas, A visual servoillg system for edge 
trimming offabric embroideries by laser. Mechatronics, 2003. 13(6): p. 533-551. 
ISSN: 0957-4158 
10. Crispin, A.J., B. Pokric, M. Rankov, D. Reedman, and G.E. Taylor. Edge 
inspection in automatic stitching. International Journal of Clothing Science and 
Technology, 2000.12(4): p. 265-278. ISSN: 1007-2014 
11. Sari-Sarraf, H. and J.S. Goddard, Vision system for on-loom fahric inspection. 
IEEE Transaction on Industry Applications. 1999. 35(6): p. 1252-1259. ISSN: 
0093-9994 
12. Stojanovic, R., P. Mitropulos, C. Koulamas, Y. karayiannis, S. Koubias. and G. 
Papadopoulos, Real-Time Vision-Based System for Textile Fahric Inspection. 
Real-Time Imaging, 2001. 7(6): p. 507-518. ISSN:I007-2014 
13. Kumar, A., Neural network based detection of local textile ,I£1eers. Pattern 
Recognition, 2003. 36(7): p. 1645-1659. ISSN:0031-3203 
246 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
14. Bodnarova, A., M. Bennamoun, and S. Latham, Optimal Gabor jilters for textile 
flaw detection. Pattern Recognition, 2002. 35(12): p. 2973-2991. ISSN:0031-32m 
15. Tsai, D.-M. and S.-K. Wu, Automated surface inspection using gahor jillers 
Advanced Manufacturing Technology, 2000.16(7): p. 474-482. ISSN:0268-37M, 
16. Tsai, D.-M. and c.-Y. Hsieh, Automated surface inspection for directio1lal 
textures. Image and Vision Computing, 1999. 18(1): p. 49-62. ISSN:0262-885() 
17. Chetverikov, D. and A. Hanbury, Finding defects in texture usillg regulari/I' alld 
local orientation. Patter Recognition, 2002. 35(10): p. 2165-2180. ISSN :om 1-
3203 
18. Millman, M.P., M. Acar, and M.R. Jackson, Computer visioll for textured yam 
interlace (nip) measurements at high speeds. Mechatronics, 2001. 11(8): p. 1025-
1038. ISSN:0957-4158 
19. Ozkaya, Y.A., M. Acar, and M.R. Jackson. Compliler visum for Yelrn 
characterization. in 8th Mechatronics Forum International COl/ference. 2002. 
University of Twente, Netherlands: Inspec/Iee. ISBN:9036517664 
20. Ozkaya, Y.A., M. Acar, and M.R. Jackson, Digital image processing 1I11t! 
illumination techniques for yarn characterization. Journal of Electronic Imaging. 
2005.14(2): p. 023001-1-13. ISSN:1017-9909 
21. Pai, A., H. Sari-Sarraf, and E.F. Hequet, Recognition of Cotton COlllllmilltlll1S viII 
X-Ray Microtomographic Image Analysis. IEEE Transactions on Industry 
Applications, 2004. 40(1): p. 77-85. ISSN:0093-9994 
22. AI-Eidarous, M., Locating Defects on Shirt Collars usillg Image ProC(,SSIII,I!. 
International Journal of Clothing Science and Technology, 1998. 10(5): p. 365-
378. ISSN:0955-6222 
23. Hoang, K., W. Wen, A. Nachimuthu, and X.L. Jiang, AchieVing alltOn/arion ill 
leather surface inspection. Computers in Industry, 1997. 34(1): p. 43-54. 
ISSN:0166-3615 
24. Norton-Wayne, L., Inspection of lace using machine vision. Computer Graphic 
Forum, 1991. 10(2): p. 113-119. ISSN:0167-7055 
25. Sanby, C. and L. Norton-Wayne. Machine vision inspection oflacc using a ncural 
network. in Machine Vision Applications in Industrial Inspection III. 1995. San 
Jose, CA, USA Society of Photo-Optical Instrumentation Engineers. p. J 14-322. 
ISBN :0-8194-1770-X 
26. Sanby, c., L. Norton-Wayne, and R. Harwood, Automated Inspection of l.ace 
using Machine Vision. Mechatronics, 1995.5(2/3): p. 215-231. ISSN:0957-4158 
27. Yazdi, H.R. and T.G. King, Application of'Vision in the Loop' for Inspection 0/ 
Lace Fabric. Real-time Imaging, 1998.4(5): p. 317-332. ISSN: 1007-2014 
247 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
28. Farooq, U., T. King, P.H. Gaskell, and N. Kapur. Synergy of mechatronics allci 
machine vision for detecting faults in complex deformable webs. in Intemotiollal 
Conference on Mechatronics (ICOM 2003). 2003. Loughborough, UK. p. 395-40 I. 
ISBN: 1860584209 
29. Farooq, u., T.G. King, P.H. Gaskell, and N. Kapur. A mechatronic Approach for 
Automatic Inspection of Deformable Webs. in 8th Mechatronics Forum 
International Conference. 2002. University of Twente, Netherlands: Inspcc/lce. 
ISBN:9036517664 
30. Farooq, U., T.G. King, P.H. Gaskell, and N. Kapur, Machine vision using image 
data feedback for fault detection in complex deformable wehs. Transactions of the 
Institute of Measurement and Control, 2004. 26(2): p. 119-137. ISSN:O 142-3312 
31. Jackson, M.R. and M.E. Preston, Lace cutting for the next millennium. Integrated 
Manufacturing System, 1998.9(1): p. 34-40. ISSN:0957-6061 
32. Russell, R.A. and P. Wong. Automation of lace cutting using computer visioll. III 
19th International Symposium on Industrial Robots. 1988. Sydney, Australia 
33. Russell, R.A. and P. Wong, Application of computer vision to lace cutting 
Robotics, 1989.5(2): p. 91-96. ISSN:0167-8493 
34. Shih, C.-H.V., N. Sherkat, and P. Thomas. Real-time tracking of lace stretch IIsing 
machine vision. in Proceedings of the 5th International Conference 011 Image 
Processing and its Applications. 1995. Edinburgh, UK lEE. ISBN:0537-9987 
35. Shih, C.H.V., N. Sherkat, and P. Thomas, Automatic lace trimming process IISlIIg 
real-time vision. Real-time Imaging, 1996.2(2): p. 117-130. ISSN: I 007-2014 
36. Shih, c.H.V., N. Sherkat, and P. Thomas. Real-Time vision based automatic la('(' 
trimming process. in 1999 IEEE Workshop on SiGNAL Processing ~\'sl£'ms (SiPS 
99): 'Design and Implementation'. 1999. Taipai, TaiWang: IEEE. p. 390-399. 
ISBN:520-6130 
37. Ayub, M. and M.R. Jackson. Image processing techniques for the identification oj' 
two-dimensional patterned shape of non-rigid web materials. in Intemarionol 
Conference on Mechatronics. ICOM2003. 2003. Loughborough, UK: Professional 
Engineering Publishing. p. 389-394. ISBN: 1860584209 
38. Optotex. http://www.optotex.com. Access date: 2110412004 
39. Morrison, K., Method of cutting patterns out of patterned fahrics with a cuttillg 
apparatus which includes a scanning device. 1998. Patent Numbcr:5791215 
40. Bamforth, P. and M.R. Jackson. Test rig development for the high aCCIlf'Cl(\' 
automated scalloping for decorative lace. in International Conference 011 
Mechatronics (ICOM2003). 2003. Loughborough University, UK. Professional 
Engineering Publishing. p. 403-408. ISBN: 1860584209 
248 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
41. Jia, P., M.D. Evans, and S.R. Ghate, Catfish feature identification via Computer 
vision. Trans. ASAE, 1996.39(5): p. 1923-1931. ISSN: 0001-2351 
42. Li, Q., M. Wang, and W. Gu, Computer vision based system for apple sIIII(J('(' 
defect detection. Computer and Electronics in Agriculture, 2002. 36(2-3): p. 215-
223. ISSN:0168-1699 
43. Bato, P.M., M. Nagata, Q.X. Cao, K. Hiyoshi, and T. Kitahara, Study on s()rtif/~ 
system for strawberry using machine vision (part 2): development of sorlil/~ 
system with direction and judgement functions for strawberry . .loumal of the 
Japanese Society of Agricultural Machinery, 2000.62(2): p. 101-110. 
44. Zhang, T. and .I.Z. Deng, Application of computer vision to deleclion brtlisin~ Oil 
pears. Transactions of the Chinese Society of Agriculture Engineering, 1999. 
15(1): p. 205-209. 
45. Sun, D.W., Inspecting pizza topping percentage and distribution by il COli/pilleI' 
vision method. Journal of Food Engineering, 2000. 44(4): p. 245-249. ISSN: 02()()-
8774 
46. Lu, 1., J. Tan, P. Shatadal, and D.E. Gerrard, Pork quality evaluation hy /Ising 
computer vision. Meat Science, 2000. 56: p. 57-60. 
47. Patel, V.c., R.W. Mcclendon, and J.W. Goodrum, Color Computer Vision (lnd 
Artificial Neural Networks for the Detection of Defects in Poultry Eggs. Artificial 
Intelligence Review, 1998. 12: p. 163-176. ISSN:0269-2821 
48. Pauli, J., A. Schmidt, and G. Sommer, Vision-based integrated system lor oNcc/ 
inspection and handling. Robotics and Autonomous Systems, 2001. 37: p. 297-
309. ISSN:0921-8890 
49. Kochan, A., Machine vision guides the automotive industry. Sensor Review, 2002. 
22(2): p. 119-124. ISSN:0260-2288 
50. Bone, G.M. and D. Capson, Vision-guided fixture less assemb~\' of (llitom 01 1\'(' 
components. Robotics and Computer Integrated Manufacturing, 2003. 19(1/2): p. 
79-87. ISSN: 0736-5845 
51. Song, W.-K., H. Lee, and Z. Bien, KARES: Intelligent wheelchair-mOIl1llet/ 
robotic arm system using vision and force sensor. Robotics and Autonomous 
Systems, 1999.28(1): p. 83-94. ISSN: 0921-8890 
52. Slaughter, D.C., P. Chen, and R.G. Curley, Vision Guided Precision Cultivatioll. 
Precision Agriculture, 1999. 1(2): p. 199-216. ISSN: 1385-2256 
53. Tillett, N.D., W. He, and R.D. Tillett, Development of a vision-guided mhol 
manipulator for packing horticultural product. Journal of Agriculture Engineering 
Research, 1995.61: p. 145-154. 
249 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
54. Slaughter, D. and R. Harrel, Discriminating fruit for robotic harvest usinR c%llr 
in natural outdoor scenes. Transaction of ASAE, 1989.32: p. 757-763. 
55. Plebe, A. and G. Grasso, Localization of spherical fruit for robotic /wrl'£'sting 
Machine vision and Applications, 2001. 13(2): p. 70-79. ISSN: 0932-8092 
56. Edan, Y., D. Rogozin, T. Flash, and G.E. Miles, Robotic Melon Harvesting IEEE 
Transaction on Robotics and Automation, 2000. 16(6): p. 831-834. ISSN: 1042-
296X 
57. Granitto, P.M., H.D. Navone, P.F. Verdes, and H.A. Ceccatto, We cd s('cds 
identification by machine vision. Computers and Electronics in Agriculture, 2002. 
33: p. 91-103. ISSN: 0168-1699 
58. Sortino, M., Application of statistical filtering for optical detectioll q{ tool \I'('or. 
International Journal of Machine Tools & Manufacture, 2003. 43(5): p. 493-4')7. 
ISSN: 0890-6955 
59. Kassim, A.A., M.A. Mannan, and M. Jing, Machine tool conditioll monitoring 
using workpiece surface texture analysis. Machine Vision and Applications, 2000. 
11: p. 257-263. ISSN: 0932-8092 
60. Li, x., L. Wang, and N. Cai, Machine-vision-based surface finish inspection for 
cutting tool replacement in production. International Journal of Production 
Research, 2004. 42(11): p. 2279-2287. ISSN: 0020-7543 
61. Li, X.Q., Y.S. Wong, and A.Y.c. Nee, Intelligent tool wear identificatioll hosed 
on optical scattering image and hybrid artificial intelligence techniques. Journal 
of Manufacturing Engineering, Part B, 1999.213: p. 191-196. ISSN: 0954-4054 
62. Bahr, B., S. Motavalli, and T. Arfi, Sensor fusion for monitoring machillc too! 
conditions. International Journal of Computer Integrated Manufacturing, 1997. 
10(5): p. 314-323. ISSN: 0951-192X 
63. Furst, S. and E.-D. Dickmanns, A vision based navigation system for 111l101l011l01lS 
aircraft· Robotics and Autonomous Systems, 1999. 28(2-3): p. 173-184. ISSN: 
0921-8890 
64. Oussalah, M., A. Zaatri, and H.V. Brussel, Kalman Filter Approach for Lalld 
Extraction and Following. Journal ofIntelligent and Robotic Systems, 2002. 34: p. 
195-218. ISSN: 0921-0296 
65. Sotelo, M.A., FJ. Rodriguez, L. Magdalena, L. Bergasa, and L. Boquetc, A 
Colour Vision-based Lane Tracking System for Autonomous Driving on Ullmarkl!d 
Roads. Autonomous Robots, 2004.16(1): p. 95-116. ISSN: 0929-5593 
66. Bebis, G. and S. Uthiram, Face Detection and Verification Using Genetic Scarch. 
International Journal on Artificial Intelligence Tools, 2000. 9(2): p. 225-246. 
250 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
67. Liang, L., H. Ai, G. Xu, and B. Zhang, Face Detection Based 011 Temp/a/c 
Matching and Neural Network Verification. ACTA Electronica Sinica, 2001. 
29(6): p. 744-747. ISSN: 0372-2112 
68. Wang, J. and T. Tan, A new face detection method based 011 shape i/~rorl1lati()ll. 
Pattern Recognition Letters, 2000.21(6): p. 463-471. ISSN: 0167-8655 
69. Huang, Y.-j., H. Dohi, and M. Ishizuka. A Real time Visual Trackillg .\\'s/elll wilh 
Two Cameras for Feature Recognition of Moving Human Face. in p,.ocecdill~s of 
the 1995 4th IEEE International Workshop on Robot and Humall Commullication. 
1995. Tokyo,Japan 
70. Gershon, D. and I. Porat. Robotic Sewing Using Multi-sensOlY Fecdhack. in 
Proceedings of the 16th Internat. Symp. On Industrial Rohots. 1986. Brusscl. 
Belgium: IFS Publ Ltd, & Springer-Verlag, West Ger & New York. p. 823-834. 
ISBN:0-948507-15-2 
71. Gershon, D. and I. Porat. Vision servo control of a robotic sewing system. in 
Proceedings of the 1988 IEEE International Conference on Rohotics lInci 
Automation. 1988. Philadelphia, PA, USA IEEE. p. 1830-1835. ISBN: 0-8186-
0852-8 
72. Koustoumpardis, P.N. and N.A. Aspragathos, Fuzzy Logic Decision Mechallism 
Combined with a Neuro-Controller for Fabric Tension in Robotized Sewing 
Process. Journal ofIntelligent and Robotic Systems, 2003. 36( 1): p. 65-88. ISSN: 
0921-0296 
73. Kudo, M., Y. Nasu, K. Mitobe, and B. Borovac, Multi-arm robot control sys/cm 
for manipulation of flexible materials in sewing operation. Mechatronics, 2000. 
10(3): p. 371-402. ISSN: 0957-4158 
74. Patton, R., F. Swern, S. Tricamo, and A.v.d. Veen, Automated Clolh Handli1lg 
Using Adaptive Force Feedback. Journal of Dynamics Systems, Measurement and 
Control, 1992.114(4): p. 731-733. ISSN: 0022-0434 
75. PotIuri, P., J. Atkinson, and I. Porat, A Robotic Flexible Test System For Fabrics. 
Mechatronics, 1995. 5(2/3): p. 245-278. ISSN: 0957-4158 
76. Fahantidis, N., K. Paraschidis, V. Petridis, Z. Doulgeri, L. Petrou, and G. Hasapis. 
Robot Handling of Flat Textile Materials, in IEEE Robotics & AutomatioIJ 
Magazine. 1997. p. 34-41. ISSN:I070-9932 
77. Paraschidis, K., N. Fahantidis, V. Vassiliadis, V. Petridis, Z. Dou1geri, L. Petrou, 
and G. Hasapis. A Robotic System for Handling Textile Materials. in ProceedillRs 
of 1995 IEEE International Conference on Robotics and Aulamalioll. 1995. 
Nagoya, Japan IEEE. p. 1769-1774. ISBN: 1050-4729 
78. Torgerson, E. and F. Paul, Vision-guided Robotic Fabric Manipulation for 
Apparel Manufacturing. IEEE Control Systems Magazine, 1988. 8( 1): p. 14-20. 
ISSN: 0730-6598 
251 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
79. Shin, K.-H., Tension control. 1st ed. 2000: Tappi Press. ISBN: 0898523486 
80. Smith, S.L., Design and Manufacture of a Lace Web Transport and Tellsiolling 
Rig. 2003, Student Project Report. Loughborough University. 
81. Hou, Y., Z. Gao, F. Jiang, and B.T. Boulter. Active Disturbance Rejection COl/trol 
for Web Tension Regulation. in 40th IEEE Conference on Decision ami COl/lro! 
(CDC). 2001. Orlando, FL, USA: Institute of Electrical and Electronics Engineers 
Inc. p. 4974-4979. ISSN: 0191-2216 
82. Song, S.-H. and S.-K. SuI, A New Tension Controller for Conti11llOUS Strip 
Processing Line. IEEE Transaction on Industry Applications, 2000. 36(2): p. 6~~-
639. ISSN: 0093-9994 
83. Nagarkatti, S.P., F. Zhang, C.D. Rahn, and D.M. Dawson, Tellsioll allli Speed 
Regulation for Axially Moving Materials. Journal of Dynamic Systems. 
Measurements, and Control, 2000.122(3): p. 445-453. ISSN:0022-0434 
84. Reid, K.N. and K.C. Lin. Dynamic Behaviour of Dancer Subsystems ill Web 
Transport Systems. in Proceedings of the 5th International Conference on Weh 
Handling. 1995. p. 135-146. 
85. Pagilla, P.R., R.v. Dwivedula, Y. Zhu, and L.P. Perera, Periodic TellSion 
Disturbance Attenuation in Web Process Lines Using Active Dancers. Journal of 
Dynamic Systems, Measurement, and Control, 2003. 125: p. 361-371. ISSN: 
0022-0434 
86. Mathur, D. and W.C. Messner, Controller Development for a ProlOtype lIigh-
Speed Low-Tension Tape Transport. IEEE Transactions on Control Systems 
Technology, 1998.4(6): p. 534-542. ISSN:I063-6536 
87. Wolfennann, W. Compensation of disturbance in the web force cllused hy /I 
noncircular running winder. in Proceedings of International Conferellce Oil Weh 
Handling. 1999. 
88. Reid, K., K.-H. Shin, and K.-C. Lin, Variable-gain Control of Longillldillal 
Tension in A Web Transport System. ASME Applied Mechanics Division, 1993. 
149: p. 87-100. ISSN:0160-8835 
89. Jee, S., S. Kim, and K.-H. Shin. Adaptive Control of Tension Variatioll Dill' To 
The Eccentric Unwinding Roll in Multi-span Web Transport Systems. in Dynamic 
Systems and Control Division - 1999 (The ASME International Mechanical 
Engineering Congress and Exposition). 1999. Nashville, TN, USA American 
Society of Mechanical Engineers, Dynamic Systems and Control Division 
(Publication) DSC. p. 877-882. ISBN:0-7918-1634-6 
90. Shin, K., J. Jang, H. Kang, and S. Song, Compensation Method for Tellsioll 
Disturbance Due to an Unknown Roll Shape in a Web Transport ,~~vstl'm. IEEE 
Transaction on Industrial Application, 2003. 39(5): p. 1422-1428. ISSN:OI60· 
8835 
252 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
91. Liu, W. and E.J. Davison, Servomechanism Controller Design of Weh Handling 
Systems. IEEE Transactions on Control Systems Technology, 2003. 11(4): p. 555-
564. ISSN:1063-6536 
92. Steen, W.M., Laser Material Processing. Second Edition ed: Springer. ISBN:3-
540-76174-8 
93. Miyamoto, Y., T. Hirosaki, and T. Murai. The current culling technology of high 
power C02 laser. in First International Symposium on lIigh-Power Laser 
Macroprocessing. 2002. Japan. Proceedings of the SPIE. p. 448-452. ISBN:()-
8194-4606-8 
94. Skordoulis, C.D., M. Makropoulou, and A.A. Serafetinides, Ablation of nylon M 
with UV and IR lasers. Applied Surface Science, 1995. 86: p. 239-244. 
ISSN:0169-4332 
95. Mathew, J., G.L. Goswami, N. Ramakrishnan, and N.K. Naik. Parametric Studies 
on Pulsed Nd: YAG Laser Cutting of Carbon Fibre Reinforced Plastic Composites. 
in Proceedings of the 1999 4th Asia Pacific Conference on Materials Processing. 
1999. Singapore: Elsevier Science S.A. p. 198-203. ISSN: 0924-0136 
96. Jackson, M.R., M. Preston, S. Yang, and L. Tao. Laser cutting parameters for 
high speed cutting of net fabrics. in Laser Materials Processing and Machining 
1994. Frankfurt, Germany: Society of Photo-Optical Instrumentation Enginecrs. p. 
56-66. ISBN: 0277-786X 
97. Christian Demant, B.S.-A., Peter Waszkewitz, Industrial image processing: \'is/wl 
quality control in manufacturing 1999: Berlin, London: Springer, c 1999. 
ISBN:3540664106 
98. Smith, W.J., Modern optical engineering: the design of optical systems 3rd cd. 
2000: New York, London: McGraw Hill, c2000. ISBN:0071363602 
99. DALSA, hltp://www.logicalvision.comldefault.htm. 2005. Access datc: August 10. 
2006 
100. SDL, http://www.sdlatlas.comlhtml/m235.html. Access date: June 05, 2005 
101. He, Y., P. Bamforth, M.R. Jackson and A. Rowe, Lace edge quality assessment. 
Proceedings of the Institution of Mechanical Engineers-Part B: Engineering 
Manufacture, 2006. 220: p. 1863-1874. ISSN:0954-4054 
102. Phantom Vision Research. http://www.visiblesolulions.com/phantomfl D. hlm/, 
Access date: July 20, 2006 
103. Nac Image Technology. http://www.nacinc.comlindex.html:. Access date: Sep. 10, 
2006 
104. Lace Image Systems. Access Date: August 20, 2006 
http://www.lakeimage.comlasp imaging products hsv MOlionProllS3.lIsp: 
253 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon References 
105. M. Bramberger, B.R.a.H.S. An Embedded Smart Camera on a Scalahle 
Heterogeneous Multi-DSP System. in In Proceedings of the European DSP 
Education and Research Symposium (EDERS2004). 2004. Birmingham, UK. 
106. S. Hossain Hajimowlana, R.M., G. Jullien and J. Roberts, All Ill-camera Dat{/ 
Stream Processing System for Defect Detection in Web Inspection Tash. Real-
Time Imaging, 1999.5: p. 23-34. ISSN:1077-2014 
107. Product data sheet of SCAN LAB. Access date: Sep. 01, 2006 
hllp:/lwww.scanlah.delfrontendlmedialprodukteldynAXIS EN.pd( 
108. Product data sheet of GSI Lumonics. Access date: May 20, 2006 
hltp:/lwww.gsig.comlscannersldownloadsldatasheets/HB Data .";heel 3 75. [Jd/: 
109. Ceramic linear stage selection guide. Access date: May 28,2006 
http://www.physikinstrumenre.com/e nJproducts/piezo m%rli ndex. php: 
110. Specialities, M., Piezo film sensor technical manual: www.msiusa.com. Access 
date: July 23,2006 
254 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Appendices 
12 Appendices 
255 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon 
12.1 Original Test Data and Analysis Result of Lace 
Elastic Property Investigation 
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12.1.2 Longitudinal direction 
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X-extension rate 
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12.2 Experiment Results of Longitudinal Tension Effect 
on Lace Cutting Edge Quality 
Extension Actual 
od (nun) tension (N) 
Low-tension 0 0 21 
Medi um-tension 10 3 23 
High-tension 20 6 25 
25 
20 
15 
10 
5 
o Low Tension Medium Tension 
Lace type I 
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Neutral Bad 
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23 12 
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Extension Actual Per cnl f g d 
Good Neutral ad Tt l (mm) tension (N) %) 
Low-tension 0 0 7 14 7 2 2 
Medium-tension 20 3 9 13 2 2 
High-tension 40 5 12 12 4 2 
* 
14 13 • 0 u rI 
12 
. l3d 
10 
8 
6 
4 
2 
0 
Lace type II 
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Extension Actual 
Good Neutral Bad 
(mm) tension (N) 
Low-tension 0 0 11 15 14 
Medium-tension 20 2 15 13 12 
High-tension 40 4 21 1 
25 
21 
20 
15 
10 
5 
o Low Tension Medium Tension High T ns i n 
Lace type nr 
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12.3 Lace edge detection images(original/y 1280x1024) 
Original image captured 
by the camera (A) 
Edge detection (D) 
, 
Lace edge image (E) 
• 
• 
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Dual-thrcsholdcd binary 
image (B) 
, 
Image with threads 
removed (C) 
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riginal im ge (A) 
u 1 thr h ld d B 
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L w 
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J\ppcndic~s 
M~dian and Icm -pass 
fi1 tel' ( ' ) 
Sohd c I 't.: dl.!ll.!cl1011 (I ) 
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ace edge selection E) 
a e imag J \> ith the.! 
d tc ted edge 
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12.4 Cutting Point Detection Images 
Original image captured 
by the camera (A) 
I 
Single thresholded 
binary image (D) ... 
Image with threads 
removed (8) 
I 
Image generated by 
subtracting B from 0 (E) 
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Lace edge image (C) 
I 
C rnld E to generate cross 
... threads (F) 
I 
Cutting points ({ i) 
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riginal imag ( ) 
I 
Tmag ith thrclds 
r m v d (B) 
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L< dge image ( ') 
ingle thrc dt:d 
image ) 
4 , 
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rmag ~ 
threads (F 
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utting points (G) 
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12.5 Strategically cutting experiment images 
c. indicates the cutting point) 
Purl 1 
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Purl 2 
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Purl 3 
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Purl 4 
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Th r mamll1 
pull d awa 
appli d t n i n 
thr ad i 
b th --
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PurlS 
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12.6 Lace Cutting Edge Quality Example Images 
Good quality purls 
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Bad quality purl 
= 
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Neutral quality purls 
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12.7 Intermediate Tensioning Rig 
ISO view 
Top view 
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12.8 Lace Transport and Tensioning Rig 
cr II le\ 
rt r II ' I' 
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lIr e r II r 
mall t ' l1s i nmg r lIer 
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Lead screw mechanism 
285 
Vision Guided Cutting and Mechanical Handling of Lace Ribbon Appendices 
12.9 Purl Height Elongation Rate Determination (lace 
pattern 2) 
Purl No. 
Initial height Final height 
Purl elongation rate Pixels mm Pixels mm 
1 121 1.21 145 1.45 1.19 
2 125 1.25 160 1.6 1.28 
3 140 1.4 162 1.62 1.16 
4 211 2.11 249 2.49 1.18 
5 209 2.09 252 2.52 1.20 
6 207 2.07 248 2.48 1.19 
7 215 2.15 25 1 2.51 1.17 
8 205 2.05 238 2.38 1.16 
9 132 1.32 149 1.49 1.13 
10 213 2.13 248 2.48 1.16 
11 197 1.97 N/A N/A N/A 
12 190 l.9 233 2.33 1.23 
13 211 2. 11 N/A N/A N/A 
14 215 2.15 241 2.41 1.12 
15 217 2.17 253 2.53 1.17 
16 209 2.09 250 2.5 1.20 
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12.10 Lace Edge Quality Assessment Results (lace 
pattern 2) 
12.10.1 Tube abrasion method 
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Lace sample Average force (N) Standard deviation ( a ) 
CWcut 0.52 0.25 
Pulsed cut 0.46 0.010 
Strategically pulsed cut 0.41 0.006 
Mechanically cut 0.40 0.004 
Test results summary of tube abrasIOn method 
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12.10.2 Sheet abrasion method 
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Lace sample Average force (N) Standard deviation ( (J' ) 
CWcut 0.39 0.115 
Pulsed cut 0.17 0.015 
Strategically pulsed cut 0.11 0.006 
Mechanically cut 0.10 0.005 
Summary of the sheet abraSIOn method 
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Lace edge quality assessment 
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Abstract: Lace is a high-value decorative fabric manufactured with the aid of computer aided 
design (CAD) and computer numerically controlled (CNC) looms. It typically has very complex 
patterns and is flexible and easy to distort, which makes the task of lace cutting and lace edge 
quality assessment difficult. Lace is normally cut by a mechanical system, which is slow and 
therefore expensive. Research work in the area of lace cutting with lasers is in rapid progress 
and some cutting systems have been successfully developed. Lace edge quality assessment 
research, however, has largely been overlooked. The lack of edge quality assessment methods 
makes it impossible to compare and contrast the edge quality of the lace samples cut with 
different methods and consequently to improve the edge quality. In this paper, three lace 
edge quality assessment methods and their implementations will be described. 
Keywords: lace edge quality, lace cutting, edge quality assessment, CW laser, mechanical 
cutting, pulsed laser 
1 INTRODUCTION 
Lace is a high-value fabric for decoration purposes, 
which is mass produced in webs (typically 3 m wide 
by 100 m long) and then cut into individual strips. 
Lace comprises fine and complex patterns, which 
are designed using computer aided design (CAD) 
facilities. On most designs the pattern repeats 
many times, but in practice the repeats are never 
perfectly identical. Currently almost all lace is cut 
either by hand with scissors or using a mechanical 
cutting system. The mechanical system utilizes the 
difference in thickness between the lace pattern 
and the waste mesh to guide a rotating knife, which 
requires human supervision to avoid problems 
such as snagging and tearing. Both current methods 
of scalloping lace are very time consuming, labor-
ious, and therefore expensive. 
Significant efforts have been made to apply mod-
ern technology, especially machine vision technol-
ogy, in automating lace cutting processes, aiming at 
improving the cutting speed at a reasonable cost. 
As early as 1988, Russell and Wong [1, 2] used a 
'Corresponding author: Mechatronics Research Centre, Wolf-
son School of Mechanical and Manufacturing Engineering, 
Loughborough University, Leicestershire LE11 3TU, UK. email: 
Y. He@lboro.ac.uk 
JEM272 ro IMechE 2006 
modified DRAM chip as the camera to capture 
the images of lace, which were then compared to 
a reference map to determine the cutting path. 
This method failed due to distortion of the lace, 
which made the system unreliable and degraded 
the system performance. This distortion problem 
was addressed by Shih et al. [3-5] by eliminating 
the need of a prior knowledge of lace. Several 
commercial organizations also made good progress 
in developing machine vision systems for lace 
scalloping [6,7]. 
Since 1991, extensive research in the lace cutting 
area was started at Loughborough University and 
major successes have been achieved [8, 9]. A line-
scan camera together with back-lit illumination 
formed the basis of the machine vision system. A 
specially developed weighted cross-correlation algo-
rithm [10] is utilized for tracking the paths based on 
a reference map. A 240 W continuous wave (CW) CO2 
laser is then directed to the cutting path to cut off the 
waste mesh with a web feed speed of 1 mls and a 
cutting speed up to 10 mIs, which is the fastest lace 
cutting system so far. Another lace cutting system 
which is able to achieve better cutting quality was 
built by Bamforth and Jackson [11, 12]. By directing 
the pulsed laser to each cutting point, the hcat-
affected zone (HAZ) can be greatly reduced, which 
ensures a better cutting result. A repetition rate of 
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10 kHz is possible with this vision directed pulsed 
laser energy technique. This can provide a lace pro-
cessing speed of 1 m/s. On the actual test facility, 
the processing speed is much slower (1 pulse/S s) 
due to the X, Ymovable stage speed limitation. 
Almost all lace inspection systems are based on 
direct comparison between the captured images 
and a perfect prototype since no global image pro-
cessing or rule -based techniques can be easily 
applied to inspect the lace, which has flexible char-
acteristics and complex patterns [13-191 . 
Compared with extensive re earch activities in the 
lace cutting and lace pattern inspection areas, the 
research work concerning the lace edge quality and 
its assessment may be considered negligible. One 
exception is given in reference (20). where a three-
dimensional transient finite difference model has 
been developed to investigate the deficiencies of 
the CW process and optimize the pulsed process to 
improve the lace utting edge quality. There i no 
established method of lace edge quality assessment 
or international standards existing for characteriza-
tion of the lace cut edge qUality. The research has 
studied current industrial practice, which has identi -
fied two methods of asse sment used by some lace 
manufacturing industries. Method 1 involves panels 
of humans assessing the lace tactile quality and 
visual appearance. This can only be based on sub-
jective ass~ssment a~d is not a reliable method. 
MethOd 2 IS the Martmdale tester, shown in Fig. I, 
which is usually used for testing the abrasion and 
pilling resistance of all kinds of textile fabrics, and 
therefore it can also be used for determining the 
lace cut edge quality. By rolling the lace into a cylin-
der which is then rubbed against a standard abra-
dant at low pressures and in continuously changing 
directions, the quality of the lace is determined 
either by the number of cycles until breakdown of 
the lace edge or by the mass reduction of the test 
subject [211 . However, this method is not the most 
suitable for lace edge quality assessment because 
the lace edge defect formed during lace cutting 
operations is very subtle and therefore the difference 
can be too insignificant to be assessed by the tester. 
One objective of the lace cutting research is to pro-
duce a high-quality lac product for demanding 
markets, which requires identifying and optimizing 
the factors affecting the lace cut quality. This iden -
tification and optimization work necessitates direct 
comparisons between the lace samples produced 
by different cutting systems or with different cut-
ting parameters. From this point of view, establish-
ing a lace edge quality assessment method has 
become the prerequisite for improving the lace 
cut quality. In this paper, several lace edge quality 
assessment methods will be introduced and 
described in detail. 
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Fig. 1 Martindale t ster 121\ 
Connec ti ng 
stl'Onds 
Fig. 2 Typical lace edge s( ruci ure 
2 lACE EDGE STRUCTURE AND EDGE 
DEFECT FORMATION 
L:tc~ put! 
Lace edges are made up of a series of purls that are 
each connected to the light wast mesh by a ingl 
strand or series of conn cring strands, as shown in 
Fig. 2. In most lace cutting systems based on the 
machine vision technology, a laser is used for cutting 
the connecting threads by vaporization. CompaJ"ed 
with the conventional mechanical cutting tools, 
such as a rotating knife, lIsing a laser for lace cutting 
can eliminate the distortion and undesirable ten ion 
caused by on tact betwe n the mechanical tool and 
the la e itself. However, if th purls ar overexpo d 
to the heat energy from th laser bam, th n th 
individual strands of nylon that mak up th lace 
pattern will be melted. On e the melting occurs, 
small bubbles of trapped air form at the end of the 
severed strand, as shown in Fig. 3. These bubbles of 
trapped air and solid nylon are what ause irritation 
to the kin and therefore lower the quality of the la 
edge. The lace edge quality is determined by th 
severity and the number of defect caus d during 
the cutting process. 
3 CONTACT MEASUREMENT METHOD 
The irritation to the skin caus d by poor edg 
quality lace can be attributed to the snagging of the 
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Luce edge quollty assessment 1IlAS 
Small bubbles 
Fig. 3 Lace edge defect caused by overexposure to the 
laser beam 
heat-affected areas on the contours of the skin. It is 
also noted that a lac sample with a defective edge 
will snag on fine nylon material such as that us d 
in ladies' tights and undergarments. If the lace i 
not heat affected and therefore of suitable quality, 
it would be of sufficient compliance and flex.ibility 
to mould to the contours of the skin or the tight 
material. The Martindale te ter uses a foam pad to 
simulate the human skin or the tight material and 
the quality is distinguished by the condition of th 
pad after abrasive te ting. Instead of u ing a foam 
pad, hosiery (tight mat rial) is employed in Ih fol -
lowing te ts, which can generate sam noli eabl 
resistance when a lace sample with a d fective edge 
lides over the hosiery material surfac . R cording 
this re istanc between the hosiery and lac edg 
can be used to assess the edge quality of the la 
sample being tested . Two methods, ca ll ed tub abra -
sion and he t abrasion, have been id nlifi d bas d 
on the principle mentioned above. 
3.1 Tube abrasion method 
When the lace sample is rolled into a cylinder, th 
resistance between the lace edge and the hosi ry 
can become ignifi ant as this increase the numb r 
of defects acting on th tight material at anyone 
time. Although not a ll purls are in conta t with th 
hosiery due to the curved edge profile, recording 
this force will offer a suitable measurement as to 
th edge quality of the entire sample. 
3.1 . J Test rig design and operation 
The te t rig on ists of two tube lions, on of 
35 mm internal diameter and on of 30 mm. A 
hown in Fig. 4, Ih s tion of the 30 mm tub i 
attached to the 35 mm tube at a right ngle, whi h 
is used to house the rolled lace sample. 
Another s ction of tube, 30 mm in diameter, is ut 
in haIf longitudinally to create a semicir ular s tion 
to run in ide the large 35 mm se tion . Th semi -
ircular tube is then cover d by hosiery to act as a 
skin simu lator, which mov s in an orthogon I 
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Prot. IMcchE Vol. 220 Part B: J. nglneerlng Manufa tur 
1866 Y He. P Bamforth. M R Jackson. and A Rowe 
Fig. 6 Lace patterns: top. standard; middle. checked; 
bottom. floral 
Table 1 Cutting parameters of each cutting system 
Laser Cutting Laser Laser pulse 
Cuning method power speed spot size duration 
Mechanical N/A 0 .1 m/s N/A N/A 
cutting 
CW laser 240W I m/s 0.2mm Continuous 
Pulsed laser 240W O· 0.2mm 0.1 ms 
• The lace thread is stationary when laser energy is applied. 
3.1.2 Test samples 
Three types of lace sample with different patterns 
are selected for the test. as shown in Fig. 6. For 
each type of lace. three nominally identical samples 
a re cut by different cutting systems: mechanical. 
CW laser (cut with the system described in refer-
ences [81 to (101), and pulsed laser (cut with the cut-
ting system described in reference [l1IJ respectively. 
During the pulsed laser cutting, the laser beam is 
fixed and the lace is moved with an X- V movable 
stage and then stopped after the thread to be cut 
has been aligned accurately with the laser spot. The 
lace remains stationary when a single pulse of laser 
energy is delivered to cut the thread. The cutting 
parameters of these lace cutting systems are listed 
in Table 1. By comparing the edge quality of these 
lace samples. the relative cut edge quality of each 
cutting method can be determined. 
3.1.3 Test result 
The tube abrasion test is repeated 20 times for each 
lac sample. The test data for the lace samples with 
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standard patterns are shown in Fig. 7. which shows 
a Significant difference in the forces required for 
the mechanically cut. CW cut. and pulsed laser cut 
lace samples. It is found that more force is recorded 
for the CW sample than for the other two samples. 
Trend lines are then identified for each set of test 
data. and by subtracting the trend line from each 
corresponding set of test data. the data difference 
can be obtained as shown in Fig. 8. In order to high-
light the force difference among the lace samples. 
the standard deviation and average value of each 
set of test data have been calculated. as shown in 
Table 2. The average value is obtained from the tes t 
data in Fig. 7. while the standard deviation is ca lcu -
lated with the data shown in Fig. 8. 
From Table 2. it can be concluded that the 
mechanically cut samples have the best edge quality 
as the required average force is the least and the edge 
quality of the CW cut sample is the lowest. with an 
average force of 0.51 N. It is a lso noticed th aI the 
standard deviation of the test data of th me hani -
cally cut sample is the smallest. which indicates 
that its edge quality is more consistent than the 
other two samples. with the CW Cllt sample having 
the most inconsistent edge quality. 
3.2 The sheet abrasion method 
Instead of being rolled into a cylinder. the lace sam -
ple can also be placed between two sheets of Per-
spex. through which the defects caused by the lase r 
cutting can be examined in greater detail. 
3.2.1 Test rig design and operation 
The Perspex sheets are purposefully manufactured 
for each individual lace sample to keep the main 
body of the lace in place. but to allow the purls to 
be exposed for testing. The rig operates in a similar 
way as in the tube abra ion t st. The lace sample is 
secured in the Perspex plates and is then positioned 
so that the lace edge is in contact with the hosiery 
acting as the skin simulator. The lace sample is 
then pulled across the hosiery and the fri ctional 
forces between the lace edge and the skin simulator 
are recorded. This test rig allows for much more 
localized measurements as the sample of the lace 
edge under examination is significantly less (0 .15 m . 
Figs 9 and 10) when compared with the previoll 
test rig in sec tion 3.1. where the rolled-up length of 
the lace sample is 1 m . 
3.2.2 Experimental result 
As expected, the experiment results shown in Fig. 11 
a re similar to those in Fig. 7. The CW cut lace 
sample produces the most significant fri tional 
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Fig. 9 Test rig for the sheet abrasio n method 
Table 2 Average val ue and standard deviation (u) after 
subtraction of the control value 
Lace sample 
eWcut 
Pulsed ut 
Mechanically cut 
Average force (N) 
0.51 
0.44 
0.39 
Standard 
deviation (a) 
0.033 
0.019 
0.005 
Fig. 10 Test rig set-up 
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Fig. 12 Difference between the test data and trend lines 
force, indkating that it has the lowest edge quality, 
which is consistent with the conclusion of the 
previous test. 
A similar data processing method as used in the 
tube abrasion test is adopted where trend lines for 
each data set are identified and then subtracted 
from each corresponding set of test data to obtain 
the data djfference shown in Fig. 12, from which 
the standard deviation of the test data can be calcu-
lated. Table 3 shows the standard deviation and 
average value for each set of test data. 
From Figs 11 and 12 and Table 3, it may be con-
cluded that the CW sample has the lowest and 
most inconsistent edge quality while the mechani-
cally cut sample is the best in terms of both aspects. 
When comparing Table 3 and Table 2, it is found that 
the average values of the forces produced in the tube 
abrasion test are much higher than in the sheet abra-
sion test, which can be explained by the fact that 
more lace purls are in contact with the skin simula-
tor in the tube abrasion test, causing a higher friction 
force. It is also noticed that the standard deviation of 
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Table 3 Average value and standard deviation of the test 
data 
Lace sample 
CWcut 
Pulse cut 
Mechanically cut 
Average (N) 
0.33 
0.16 
0.09 
Standard 
deviation (u) 
0.062 
0.0 13 
0.006 
each set of data (especiaJly the CW sample) obtained 
with the sheet abrasion method is bigger because 
this method can examine the lace purls on a more 
local scale, highlighting the quality variations among 
purls. 
Both test methods are repeated for other lace sam-
ples with different patterns and all results how that 
the mechanically cut lace samples have a better edge 
quaJity over the other two types of sample, among 
which the CW cut lace samples have the lowest qual-
ity and the cut quality is inconsistent, as indicated by 
the standard deviation value. 
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Fig. 13 Lace designs for the trial 
Table 4 Edge quality trial sample numbering 
Set Sample Cutting 
number Design type number method 
A Checked design I Pulsed 
2 cw 
3 Mechanical 
B Checked design 1 Pulsed 
2 CW 
3 Mechanical 
C Standard design I CW 
2 Mechanical 
3 Pulsed 
D Standard de ign I CW 
2 Mechanical 
3 Pulsed 
4 USER TRIAL METHOD 
In addition to the quantitative methods described 
above, a lace edge quality assessment trial based on 
a user trial method was also carried out, aiming to 
assess the edge quality of lace samples scalloped 
with different methods. The trial involved asldng a 
number of volunteers to rate the softness of the 
lace edges and then assessing the lace edge quality 
according to the scores given by the volunteers. 
The higher the score a lace sample gets, the better 
the edge quality of the lace sample. 
4.1 Test set-up 
A number of volunteers (20) were asked to rate the 
edge quality of lace samples produced by mechani-
cal and laser cutting. Two designs of lace were 
selected, which formed four sets of samples. Sample, 
sets A and B were for the standard design and sets C 
and D were for the checked design, as shown in 
Fig. 13. Each set of samples consists of one mech-
anical ly cut sample, one CW laser cut sample, 
and one pulsed laser cut sample. The laser cutting 
parameters for both the CW cut and pulsed cut are 
the same as previous ones used for contact meas-
urement tests, i. e. the 240 W CO2 laser with 0.2 mm 
spot size and 0.1 ms pulse duration for the pulsed 
cut. The samples within each set were randomly 
numbered as shown in Table 4. The scores given 
to each lace sample ranged from 0 to 5, where 
o means the quality is very bad and 5 means 
very good. 
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Table 5 Edge quality tri a l results 
Cutting Average Score standard 
Lace type method Score score deviation (al 
Standard design Pulsed 64 3.20 1.3 1 
CW 39 1.95 1.42 
Mechanical 60 4.00 1.05 
Checked design Pulsed 61 3.05 0.95 
CW 32 1.59 1.36 
Mechanical 67 3.36 0.92 
4.2 Test results 
The scores for each lace sample from all 20 volun -
teers were summed together and an overall score 
and an average score were obtained. A summary of 
the scores for each lace sample is shown in Table 5. 
The results clearly showed that the mechanically 
cut sample was the softest. with average scores of 
4.00 and 3.38 for the standard design and checked 
design respectively. The CW laser cut lace with 
scores of 1.95 and 1.59 for the standard design and 
checked design respectively was the least soft of the 
samples. With scores of 3.20 and 3.05, which are 
close to the score of the mechanically cut ample, 
the 0.1 ms pulsed laser cut sample was perceived to 
be much softer than the CW sample. As the standard 
deviations of all assessments are around 1, the 
assessment results were considered consistent. The 
samples of the checked design were rated slightly 
more consistently than the samples of standard 
deSign. The results are shown graphically in Fig. 14 . 
From the results shown in Fig. 14, it is clear that 
the mechanically cut lace is the softest, which indi -
cates that it has the best edge quality. This is consi -
tent with the test results obtained from the previous 
experiments. The pulsed sample was deemed to be 
softer than the CW cut sample, which showed that 
the pulsed sample has a cl ear improvement in edge 
softness over the CW samples. 
5 MICROSCOPIC METHOD 
Another assessment method employed by th 
authors is to inspect the lace edge purls under a 
microscope. When the lace purls are overexposed 
to or inaccurately targeted by the laser beam during 
the cutting process, some small bubbles, invisible 
to the naked eye, will be form ed. However, with the 
aid of a microscope, these small bubbles can be 
clearly seen, as shown in Fig. 15. 
It is the bubbles that cause the skin irritation and 
therefore degrade the overall lace edge quality. 
From this point of view, the lace edge quality 
can be assessed and categorized by observing and 
classifying these bubbles. 
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Fig. 15 A purl with small bubbles 
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Fig. 16 Lace sample with the standard design 
5.1 Test set-up 
Three lace samples, the same as those used in pre-
vious tests, were selected for the microscopic 
investigation test, including mechanically cut, 
CW cut, and pulsed cut (0.1 ms pulse duration). 
These samples have the same pattern as shown 
in Fig. 16. 
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As inspecting the lace purl under a microscope 
one by one is time consuming, two pattern repeats 
of each sample are selected for the inspection, which 
is considered to be enough for representing the 
whole lace edge quality. As each repeat contains 
14 purls (only true for the lace pattern shown in 
Fig. 16), totally 28 purls of each lace sample will be 
inspected and classified as good, neutral, or bad 
quality according to the severity of the thermal 
damage caused during the cutting process. 
The quality of a purl is classified as 'good ' on ly 
when no thermal damage or bubbles can be een 
under the microscope. The purl will be consid-
ered as 'bad ' or 'neutral' quality d pending on 
the position and degree of the thermal damage. 
Figure 17 shows four examples of purl of different 
quality. 
5.2 Experimental result 
By inspecting and classifying the purls one by one, 
the number of purls with a different quality for 
each sample can be counted as shown in Table 6. 
The overall lace edge quality of the la ample is 
determined by calculating the percentage of 'good 
quality' purls out of all the purls. 
Table 6 and Fig. 18 clearly show that th mechani-
cally cut lace sample has the best overa ll edge quality 
without any thermal damag . The edge quality of the 
pulsed cut lace sample is close to that of the 
mechanically cut sample, wh ile the CW la c sample 
has the lowest edge quality. Lace samples of other 
types (checked design and floral design) cut by dif-
ferent cutting systems are assessed as well using 
the microscopic method and the same conclusion 
can be drawn. 
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6 DISCUSSION 
6.1 Lace edge quality assessment methods 
Three methods of lace edge quality assessment 
have been presented. Although these methods are 
different in terms of principle and process, the con-
clusion drawn from each assessment method is the 
same, which states that mechanical cut lace samples 
have the best edge quality while the edge quality 
of lace samples cut by a CW laser is the lowest. 
Unfortunately, it is not possible at this stage to 
benchmark the proposed assessment techniques 
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Table 6 Exp erimental result 
Percentage 
Lace sample Good Neutral Bad Total of good ('Yo) 
Mechanically cut 28 0 0 28 100 
W cut 3 3 22 26 11 
Pulsed cut 21 2 5 26 75 
against any other methods because they simply do 
not exist. 
The contact measurement method assesses lace 
edge quality by recording the resistance for es 
caused by sliding the lace dge against the tight 
material. Based on this principle, the method is 
further divided into two separate methods, ailed 
tube abrasion and sheet abrasion. The lace edg 
quality can be distinguished by analysing test data 
obtained during the experiments. This method is 
considered more reliable, objective, and time-
effective than the other two assessment methods, 
i.e. the user trial and microscopic methods. Asses-
sing lace edge quality using the u er trial and 
microscopic methods takes a long time, making 
them not feasible for online lace edge quality assess-
ment. However, the contact measurement method 
has the potential for assessing lace edge quality in 
real time, especially when it is combined with a 
machine vision system. 
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6.2 Lace cutting methods 
The lace samples used for the assessment experi-
ments in this research are cut by three different cut-
ting systems. namely mechanical, CW laser. and 
pulsed laser systems. According to the conclusion 
of each lace edge quality assessment. mechanical 
cut lace samples have the best edge qUality. How-
ever. the mechanical cutting process has limitations. 
as outlined in reference [22). in terms of speed and 
labour requirements. both of which produce a bot-
tleneck in the cutting process. The mechanical lace 
cutting process is slow and fairly inaccurate. requir-
ing constant operator attention. Although there is 
no thermal damage caused to the lace being cut. 
the cutting inaccuracy always leaves the cut lace 
hairy or miscut. The mechanical lace cutting 
system also suffers from the inability to deal with 
closely interlocked lace patterns. known as centre 
cutting. These must be cut by hand using scissors. 
resulting in corresponding throughput and cost 
disadvantages. 
The combination of machine vision and a laser 
system appears to be a feasible substitute to the 
mechanical cutting system. The CW laser cutting 
system [8-10) can cut lace with a cutting speed up 
to 10 mls automatically. However. the lace edge 
quality cut by the CW laser system is not good 
enough for some demanding markets due to the 
thermal damage introduced by the laser energy. 
However. the pulsed laser cutting system [11) is 
able to cut lace with the resulting edge quality close 
to that cut by the mechanical cutting system. 
Currently. the authors are continuing to carry out 
the lace cutting research project. aiming at further 
improving the edge quality by investigating the lace 
handling issues. It is speculated that a pulsed laser 
cutting system capable of automatically producing 
high-quality lace is achievable in the near future. 
7 CONCLUSION AND FUTURE WORK 
In this paper. three lace edge quality assessment 
methods have been described in detail and some 
tests have been carried out to compare the edge 
quality of lace samples cut with different cutting 
systems. The assessment methods are then com-
pared and contrasted. which identifies that the con-
tact measurement method is more reliable and 
objective and has shown potential for future 
development. The comparison of the three different 
cutting systems reveals that the pulsed laser 
system is a promising solution to the lace cutting 
problem. 
Future work will be focused on improving 
the contact method. as user trial and microscopic 
methods are both time consuming and subjective. 
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Machine vision technology could be incorporated 
to enable each purl of the lace edge to be assessed. 
which makes it possible to assess the lace edge 
quality in a more local scale. It is expected that this 
contact solution could even be implementcd for 
online assessment in real timc. 
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